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As first plamiecU tliiB 
handbook to the Yerki 
regarding the obsc^rvatin 
visitors received then* an 
explanation of the pur|w 
methods employ lhL R*ii 
connected with tht* or^an 
Observatory caused a tiitH 
adopted the plan of desc 
ligations, laying 8[>t'cjnl i 
employed, in the hojie of 
of stellar evolution is stut 
Crete illustratiouR drawn 
ence, and the desire tiiat t 
to visitors at the Yerkes 
are sufficient reasons, I 
[xjrtion of space devote* 1 

The omission at fturli 
of tem{>orary and varinh! 
eussions of evolution as 
and Pickering's photomi- 
the researches of the Uv\ 
various types; Caniplieir 
and, to mention no other w 
graphic method of detonil 
indicate that I have niatle 
problem of stellar evolutit. 
an adequate descdptiiju o1 
physics. The various reyi| 
arbitrarily, in some cases 




X Preface 

acquaintance with the facts than because of their ii 
importance. I trust, however, that although this me 
treatment has necessarily resulted in a fragmentary 
tion of the subject, the book will serve to show h 
problem of stellar evolution is attacked along con^ 
lines, leading from solar, stellar, and laboratory in^ 
tions. 

I wish to express my thanks to Sir William Hug^ 
Messrs. Adams, Ellerman, Olmsted, and Ritchey 
Mount Wilson Solar Observatory; to Professors B 
Burnham, and Frost of the Yerkes Observatory ; to Pi 
Campbell of the Lick Observatory ; to Professor Pi< 
of Harvard College Observatory ; to Mr. Abbot of the 
sonian Astrophysical Observatory; to Professor Lore 
Emerson McMillin Observatory; and to Professor 
Mr. Jewell of Johns Hopkins University, for photc 
which appear in the plates. I am also indebted 
Asfrophi/sicdl Journal and the Publicafions of the 
Ohservaforfj for many cuts, and to Messrs. Ticknoi 
for i)ermission to reproduce Langley's drawing of a 
sun-spot. I am under S[)ecial obligations to my col 
Mr. Ellerman, to whom are due most of the phot( 
of instruments, buildings, and landsca])es which ap 
the plates, besides many of the solar and stellar photc 
taken from our joint papers in the Asiropliystcal r. 
and elsewhere. 

G. i 

Pasadena, California 
November, 1907 
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THE PROBLEM 

It is not too minili t 
investigatotsi toward rest 
since the publication of t] 
not only of biological r* 
domain of the i>hj-,sical 
formerly coiilent to stm 
regard to their larger n 
a wider view. As a con 
S(Mentific research hav* 
student, who could see i 
l)ones, now- finds ^*ach f 
part it plays in a gener 
clear. The color and st 
minute modifications wl| 
another, take on new si 
deuces of develu[)nient 
or to anyone who tinds 
beauty of fnruK \^ quite 
dent whose in tercet is a 
from lack of technical k 
these matters are trivial a 
of science, such minor | 
light. Th**ir true signi 
importance of studying tl 
now requires no deuiuntit 

In astr o rjoniy the ii 
eari y_[)erio<l. I n aj-rud 
of the earllcfit peoples in 




Stellar Evolution 



origin of the Earth and its inhabitants. On a i 
plane stand the speculations of the Greek philo 
of those who have followed them in the centurii 
our own time. All schools of astronomers, deal 
instances with purely philosophical and theoretic; 
tions, and in others basing their conclusions i 
facts of observation, have sought in their turn to 
origin of the solar system and the larger relati< 
obtain in the universe as a whole. In the eightec 
these speculations reached their climax in the 
pothesis of Laplace, which still remains as the i 
attempt to exhibit the development of the s( 
Attacked on many grounds, and showing signs 
that seem to demand radical modification of Lapla 
ideas, it nevertheless presents a picture of the i 
which has served to connect in a general way a n 
vidual phenomena, and to give significance to 
isolated facts that offer little of interest without t 
tion of this governing principle. 

It will be seen, therefore, that the idea of e^ 
development is by no means new to the astronon 
may nevertheless be maintained that it has occu 
important position since Darwin published his 
In 1859, the very year of the publication of th( 
Sj)ecics, Ki rchh off first succeeded in determining 1 
composition of the Sun by the aid of the spectro 
fundamental discovery marked the entrance of 
ment into the field of astronomical research and 
on a firm basis the new science of astrophysics, 
tance of spectroscopic investigations in their rel 
evolution was soon made clear. Within a single 
study of stellar spectra by Huggins, Rutherfurd, 
had shown that the stars may be divided into sev 
characterized by distinctive peculiarities in the 
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eDiiSBiQii and marking de 
of development. Followi! 
c-ame the capitnl disst4*overy 
of the nebuhie, ftiid the rel 
to the stars which they ens 
luminoTis gas it appeared 
origiu, taking form after I 
processes reganliiig which 
defined* Belief in sneh 
greatly strengthened throuj 
tiuns, and esjiecially throi 
of 121M»0C> nebulae strewn 
disiiiictly spiral in form 
coming at the end of the 
materials for those who si 
nebular hyjiothesis, to prov 
tion of the development of 
We are now in a positi 
as that of a single great p 
of the stars m the nebulae 
and complex st^^iences that 
for the phenomena of life 
society composed of Imma 
of all natural phenomena 
must begin with a study o 
enough the Earth to perm 
knowledge thus derived ml 
on the nebulae, and in the «| 
vat ions of those stars whi^ 
gtellar existence* Accord i 
development attained by t 
of decline. After it come 
last stages of Inuiinous st 
light due to continued c 
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altogether from the astrophysicist's study those dyir 
which represent a condition lying between that of a ^ 
sun and a dead planet like the Earth or the Moon. T 
one of its many remarkable properties, the spect 
enables us to detect the presence, and sometimes U 
mine the dimensions, of vast bodies which have result 
the cooling of former suns. It will be the object 
book to show how the student of astrophysics atta< 
problem of stellar evolution, through the developi 
special instruments and methods of research, and th 
mulation and discussion of observations. 

It must not be forgotten that such a study comprig 
the earliest and simplest elements in the general pro 
evolution. The province of the student of astrophys 
be said to end with an understanding of the product 
planet like the Earth. It remains for the geologist to 
the changes which the surface of the Earth has .unc 
since the constructive pnxjess left it a rocky crust. T 
ditions which brought about the formation of the oce« 
eflFects of the long-continued action of winds and wa\ 
the vast changes in surface structure that have results 
internal disturbances and the operation of volcanic p 
ena, afford limitless opportunity to the student of e\ 
in this other asi)ect. Closely related to these chang 
presenting difficulties far greater than those exi)eriei 
the astrophysicist, comes the problem of accounting 
origin and development of plant and animal life. Tl: 
ervation of the earlier forms of life, principally throi 
agency of sedimentary de{K)sits, affords the paleontolo 
means of connecting the links in the evolutionary 
Thus we are brought to our own era, where countless 
objects continue to supply material for new inquiries 
in the examination of existing species and their relatic 
and in those exj^erimental researches on variation whi 
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such promising opportuni 

tionist may secure data fj 
immediate domain of tli 
activity where etill grvnttj 
may Beek to trace out evid 
the mental and moral re 
countries and of many f^e 

It i s* a 11 ote wort h y f ao t , 
gators who find sjiecial ii 
and nnocciipied fif Idp, thn 
opments of recent yehrs^ 
which lie between the Y 
sciences. Thus the iinii 
opened uj) the extensive 
advances of the greatest v 
way the ftpplication of phi 
of physical chemistry to th 
has resulted so sue cess fu 
remarkable developments 
the introduction of physi* 
a\ )ser va t ory , t r a n s f i >rni i n ^ 
into ft laboratory, when* tf 
in the solution of cos mica 
tfi common to these nui 
acdence atfords striking [n 
An investigator who ha^^ 
methods of a deimrtment 
played Httle \mvi. may th 
t>owerful means of advarn 

The suggestive vnhii, 
ments, of any sfieciee of se 
methods and principh^s 
time than ever be fun. 
which can find no direct 
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frequently capable of suggesting modifications or ade 
involving related principles. The development am 
new methods is quite as likely to advance a subjec 
prosecution of extensive investigations by existing 
For this reason the investigator is ever on the alert 
and utilize suggestions derived from any source. 

The interest of the student of astrophysics is n< 
confined simply to celestial phenomena. For astr< 
has become, in its most modem aspect, almost an 
mental science, in which some of the fundamental f 
of physics and chemistry may find their solution. 1 
may be regarded as enormous crucibles, in some c 
terrestrial elements are subjected to temperatures a 
sures far transcending those obtainable by artificia 
In the Sun, which appears to us not merely as a 
light like the stars, but as a vast globe whose evei 
can be studied in its relationship to the general pre 
the solar constitution, the immense scale of the phc 
always open to observation, the rapidity of the chan 
the. enormous masses of material involved, provide th 
for researches which could never be undertaken in te 
laboratories. Hence it is that astrophysics may equi 
be regarded as a branch of physics or as a branch oi 
omy. A telescope may be defined as an instrun 
revealing celestial phenomena, or it may be, likenet 
lens which the physicist uses in his laboratory to con 
the light of an electric spark on the slit of his spect 
To the student of astrophysics whose interests are i 
fined to a single branch of science, the subject is 1 
make a double ap{)eal, no less strong on the phys 
chemical than on the astronomical side. 

In entering upon our consideration of the study c 
development, we may think of the subject in eithe: 
two ways. Some will prefer to regard it as the genei 
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lem of stellar evolution, 
Terse at large. But oth 
the question as an inv 
through analogies affort 
growth, from its origin 
which, though not jet wr 
ill the life-histories of tl 
ever standiiointT the tas 
same, glnce in either cas 
development, and det*aj 

It must, of fourse, h 
Bt^llar development on! it 
time would be far too ah 
to be observed in a star 
fade rapidly away; hut t 
tion, typical of some t-a 
course of change. The 
ance leaves litth* doubt < 
fitant change of form, are 
so vast a scale, that no 
\yeeu detec*ted in [>hotn*, 
i nt^ r va 1 s of m a n v v t^a rs. 
sand years is but a day, 
stelfar histories uj>on an 

Fortunately, the data 
histories are easily foun* 
who enters a forest of < 
what stages the trees lm\| 
condition. He cannot 
tree go through its lon^Jf 
he may tind aconis, si>ii| 
Others have givien rist* t 
lings are at hand to f^ho 
ssa]>lings to trees is an la 
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form of dead limbs and branches, the first evidences 
reaching its full in fallen trunks, where the hard 
wasting to powder. 

Scattered over the heavens are millions of sti 
representing a certain degree of development. T 
forms of the nebulae tell us of stellar origins; tl 
yellow, and red stars illustrate the rise and decline 
life; and the Earth itself affords a picture of 'w 
remain after light and heat have been extinguished 
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The traditional cone 
applicable (with Bund 
instances, does nut accii 
evolution. Accordiiitj t 
after the setting i^f tbo 
whose summit be gnzti 
long watches of the nig 
telescope tube, |M^n*t4vei 
sweeps with his visitji* tl 
verse. The lineal desc 
of the Chaldeans, ht* dw 
the ordinary concern a 
thoughts with celestial 

Now there can t>e no 
lution brings a degree o 
would be difficult to eur 
excitement that comen 
upon an unknown I a ml, 
all belong to the suece 
gazing through a teleseo 
taking work of moderii 
photographic platr, h st 
ging phenomena, and in 
to the alert and careful 
the surprise and deligh 
spots on the supiJosedly 
little instrument. miiL-h 
could reveal none of t 
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detail that are at once the joy and the despair of pre 
sun-spot observers. But he had discovered a i 
important fact, the basic principle of the science 
physics: he had shown that with suitable optical 
physical structure of the heavenly bodies might be 
gated. Prior to this time astronomy had concern 
only with the positions and motions of the stars 
became evident that each of these luminaries mighl 
peculiar and distinguishing phenomena worthy of 
searching investigation. Discovery followed disc< 
rapid sequence. The mottled face of the Moon, 
without meaning, was suddenly revealed in uns 
landscapes of valley, plain, and mountain, reseml 
curious degree, the variegated surface of the Earth, 
who had seemed to travel alone through the hea\ 
found to possess four companions, whose revolutio 
him forcibly suggested the revolutions of the plane 
the Sun. The piysterious cmsae, inclosing betwe 
the globe of Saturn^ were soon made out to be t 
conspicuous elements of a vast incircling ring, unl 
thing of earlier ex|:)erience. With the growth of 
scope more marvels were brought to light, until it se 
sound reason, as though the universe would never 
yield new know^ledge to the explorer of its boundles 
Thus was established that conception of the asl 
that still persists, long after a new astronomy has c< 
being. Gazing through a telescope, as has been sai 
competent to bring discoveries; for change is the ven 
of celestial phenomena, and persistent watching mu 
important facts, on which broad generalizations 
founded. But the eye and the telesco|)e have l>eer 
mented by various instrumental aids which, in thei 
plication, have transformed the occupations of the asti 
The micrometer, in its application to the accurate i 
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ment of place and form, \ 
are beyond the percept! 
ita precise determiimtioiiB 
whoee light never varies a 
The photographic plati 
sejoj>e, has pnjved itself 
retina, in that it is eajiai 
the invisible radiations n 
hours. Finally, to mer 
new adjuncts, the s|K^rt 
re vcj 1 a ti c m a r y pr i nc i p I e i i 
cai and physical analysis 
Hence it ia that the 
does not corresjwmd to th 
His work at the teleecoj 
keeping n star at the pn 
or on the narrow slit of 
and nebulae^ or their sjh 
the photographic [jlate. 
and most of his discovc^r 
been develoj*t*d, and are 
meat under the niicroscu 
tnethods of calculation i 
Invention of new instn 
time may b*' spent in tin 
placed at his dis[>osal ^iv 
on a conditions of tenifK 
the stars, and watt-hing 
these uncommon envirnn 
and promising means tit 
tion, he wooki advance 
devote himself to the des 
ments, to supi^lement th 
newest phases of physic 
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countless applications of electricity, the methods of 
engineering, and the practical details of workshop ] 
his interest in these things of the worid is likely to 1 
as broad as that of the average man. His sympat! 
research in every branch of science must increj 
strengthen as his conception of the great problem o; 
tion is developed by his own investigations of its 
phases. And the pleasure and enthusiasm derived f 
studies must become, not like the vague passion of t 
tic, whose inability to see clearly leads him to pursue 
gods, but such as every successful searcher after tru 
experience, whether he deal with the vast dimensi< 
distances of the heavenly bodies, or with the minute 
less marvelous phenomena of microscopic life and foi 

Now, while it cannot be too strongly emphasized 
student of stellar evolution can have no sympathy \ 
mystic, whose habit of thought must be the very ar 
of his own, yet it is true that the imagination, when f 
exercised and controlled, is to be regarded as his beg 
progress. The question of control is so important 
may well be mentioned first. For nothing has dor 
injury to science than the play of imaginations subjei 
control, on the part of men who enjoy in the public p 
rank of scientific authorities. Thus great sun-spots 
the innocent cause of earthquakes or tornadoes, not t 
o{ their effect upon the price of wheat. Comets, o: 
unerring i)ortents of war and pestilence, still carry the 
of conflagration, and threaten at each apparition to 
the Earth. Mystic properties are ascribed to the c( 
the universe, and a well-known planet, because it ii 
rectly assumed to be stationed there, is dogmatically t 
to be the only possible abode of human life. There : 
field here for humor and amusing speculation, as the 
of the *'Moon Hoax," and other more recent waiter 
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Bbown us. But humur 1 
ciametitos go forth in the 
by « host of intelligt*nt \ye 
supjxmed BUthoritieB have 
tific methods. Thus thert 
and a |>o|mlar deumiid 
BntisKed by acquaintant-e 

But though tlaugerrju 
tiou, when rightly fxer 
astrouomer. His d reams 
meuts, and his work of ti 
a jilan projected years a 
generations hence many « 
his time are to Ije replace* 
vision to obtain some glii| 
the obscurities of the fu 
surrtjunded by lenses aud 
the other elementary ap{ 
light, he canuot fail to e 
the intelligent recognitic 
optics might suffice to col 
new instruments of enor 
advanee in engineering or 
dreams of new [Kjssibilitii 
tiou of his telescoj>es or tl 
reads of diseoveries in ph 
mind is busy in its eudea\| 
the sill ut ion of long-staad 

But here, again, we ee 
a multiplicity of iutereats 
imagination, the danger 
With scores of problems d 
and with attractions on ev 
in itsaj>parent [x>ssibilities 
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is to choose wisely. It is not a question of sear 
something to do, but of picking out those things 
most worthy of pursuit. Here the imjwrtance of 
definite and logical plan of research becomes appare 
a plan may involve a single investigation, contini 
systematic lines over a long period of years, or it 
prise several investigations, carried on simultanec 
a large observatory each piece of work acquires 
imjKjrtance if it is selected, not at random, or solel 
of its intrinsic value, but rather because of the pa: 
in a single logical scheme of research. Its intrim 
tance need not be in the least diminished by its re 
to other work, while the illumination which its resu 
the other investigations of the scheme can hare 
improve them, and may even reveal the chief sourc 
meaning. Moreover, the same research, if carrie( 
where, might prove of small value, in the absenc 
suggestions and modifications as are sure to come 
related investigations. We shall have occasion to 
this question in discussing a plan of attack on tl 
problem of stellar evolution. 
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Before proceeding t 
discussion, let us t*xftmiiit= 
with which we fire to d* 
ments of relation i^)ii[) wh 
describe more fully. Li^ 
a single object, which w^ 
objects less easily oli8t*r\ 
from the Earth. 

The photograjihie v*-\ 
Sun, as seen with Rrt nnl 
judged from this picture 
luminous sphere, bright 
circumference, and mark 
tributed over the surfnc^e 
be seen that there are cer| 
easily noticed near the tn 
the well-known sun-spiJ 
the bright regie >ri!^ are 
known since the invent ii 
eclij:)se, when the l»ri^lu 
dark body of the Moon, 
usual brilliant illuDiinatif 
heights of several butidrKl 
from a continuona i^ea * 
the Sun. These are lli 
mass of flame from wlii 
(Plate III).* Extendi!. 

1 See the remarks ou auomnKj 
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sometimes to a distance of millions of miles, Js the cor 
which shines with a silvery luster somewhat inferior in brij 
ness to that of the full Moon (Fig. 2, Plate IV). 

An analysis of the light of the Sun, made with the spec 
scope, has shown the presence of the vapors of iron, sodi 
magnesium, calcium, hydrogen, and many other substai 
known to us on the Earth. In fact, it has been remai 
that if the Earth were heated to the temperature of the S 
the light emitted by its vapors would resemble closely, w 
analyzed with the spectroscoj:)e, the light emitted by the £ 
Thus the chemical composition of the Earth and the Su 
much the same, although we have evidence of the existc 
in the Sun of a large number of substances not yet founc 
the Earth. This same means of analysis has led to the 
covery that the chromosphere, and the prominences wl 
rise out of it, are com^wsed of the vajK^r of calcium and of 
light gases helium and hydrogen. The sun-spots, too, h 
also been found to have a characteristic chemical com 
sition; while the corona emits rays which probably indi< 
the presence in it of very light and tenuous gases. 

Observations of the Sun, continued without interrupl 
for more than half a century, have shown that the spots 
not constant in number, but vary in a characteristic wa^ 
a period of about eleven years. At times of sun-s|)ot mi 
mum the surface of the Sun is marked by large numl 
of spots, which are found on attentive observation to be 
scene of great activity, and frecjuently the source of the n 
violent eruptions. At this period the prominences are la 
and abundant, and testify to the general condition of disti 
ance by exhibiting, from time to time, eruptive phenom 
on a very large scale, in whicli great masses of gas h 
V)een known to shoot upward with velocities of hundredi 
miles a second. With the passage of time these evidencei 
disturbance and activity become less and less marked, u 
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final] J, daring the tuiiHin 
for month fi together uin 
The i>rf>ntinences also ht 
phenomena, so common 
rarely to be obeerved at 
uudergoes changes in f' 
termtic, and ghuw a defi 
periotL 

So much for the Sun at 
We are now led to hnjui 
atnong the other heaven! 
re moved to the distance o 
would then be reduced 
IjasHed bv that of many 
would still remain one c 
the heavenBu The plan* 
whnlly beyond the range 
powerful telescofjes, Th 
yellowish, and it would bt| 
certain stars which also si 
troscopic analysis of th^ 
presence in their atuiosp 
the Earth ; indeed, the 
them can be shown to be 
Sun. On account of its 
would be reduced to a uiii 
the other stars, and the s 
other phenoniena would 
reason^ such phenomena 
other stars, are hidden h\ 
fore conclude that the 8r 
chemical ciJtu|>ositioii and 
other stars in the lieaven 
of these objects. 
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A very casual acquaintance with the stars, based 
naked-eye observations, is sufficient to make one far 
with the fact that they differ from each other as m\n 
color as they do in brightness. Such objects as Sirius 
with a bluish-white light, whereas Ardurus is yellowisl 
the Sun. Antai'es, in the Scorpion^ is a fine example 
red star, and with the telescoj^ smaller stars may be 
of a deejx^r red color. Si^ectroscopic study of these va 
classes of stars shows in the clearest way definitive pecu 
ties, which may form the basis of a system of classifici 
Indeed, we apparently find ourselves in the presence of 
in every stage of growth, from the earliest, as repress 
by the bluish-white objects, to the latest, typified by th 
stars' (Fig. 1, Plate IV). Intermediate in point of dev 
ment are yellowish stars like the Sun. 

In various parts of the heavens clusters may be obse 
in some of w^hich the stars are widely scattered, as ii 
PU*i(i(hs, while in others they are densely packed togc 
so closely that several thousand stars may sometimes be 
within an area so small that to the naked eye they appea 
a single hazy star. Since we find clusters of every degi 
density, and since the stars in the heart of some of 
clusters are too close together to be separated by the 
scope, the question long ago arose whether the nel: 
which seem to resemble luminous clouds in the heavem 
to be regarded as star clusters so dense as to be be 
telescopic resolution. It was not until the s|M*ctroscop( 
been applied by Huggins (see p. 54) that this questioi 
finally settled. It then appeared that some of the nebul 
least, are vast masses of luminous gas, and that the; 
therefore not comjK)8ed of separate stars. It might th< 
inquired what part in the scheme of evolution such nel 
play. It will be shown in the course of this book that 

iSoe thn cautionary romarlcK on p. 19H. 
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exiBts lie t ween stars and n 
m to lieftve little doubt that 
through the kmg-continuej 
seems probable that tlie 
which stars ar^ made, in 
state. 




CHAPTER IV 
LARGE AND SMALL TELESCOPES 

It must soon appear, to one who seeks in the 
with unaided vision for evidences of stellar evoluti 
but little progress can be made without |X)werful instn 
means. When the nature of the problem is considei 
it is remembered that all observations of the stars : 
made from the surface of a minute body moving thro 
midst of the universe, the only cause for surprise will 
instruments of sufficient power for our purpose can 
structed. The distances of the stars are so enormoui 
might seem hoj^eless ever to solve the problem of the 
ical constitution, or to analyze them as the chemist 
into its elements a substance in his laboratory. 

Let us consider what must be accomplished before 
even begin to study the subject of stellar evolution, 
course of our work we must deal with stars which are i 
invisible to the naked eye, but are beyond the react 
except the most i)owerf ul telescopes. We must find th 
of collecting the light from such bodies, not only th( 
which, if intense enough, could be seen by the e 
also those which, because of the structure of the < 
wholly invisible. After collecting together such r 
must subject them to analysis by instruments which y 
mit us to draw conclusions, both as to the nature 
chemical elements present in the star's atmosphere ai 
the physical condition of these elements, illustrated 
pressure and the temperature to which they are su 
Although we may never hope to see a star's actu 
even in the most powerful telescoi)es of the future, f 
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than R minutt^ point of ligV 
entiatitig one part of the st 
lag, for example, whether 
or below that of iron or 
IttmtDous i^loiids, like those 
R<?terigtic of tht* star unde 
tletect their preeonce, thouj 
If, RB in the case of tem 
prcfSstireB may produce grea] 
between the inner and on 
we miiHi learn a way of d 
ascribing them to their tru 
necessary precedent to t!u 
determine whether the star 
the Earth, and to measure i 
great precision. 

Moreover, onr means of 
they shall enable us to inv 
physical and chemical pr 
those minute peLniliarlties 
may relate them to other st 
in some general scheme of 
Bome means at hand which 
nebulae, even though they 
by the most powerful tel 
given these forms, we must 
between the cloudlike nebii 
they surround. Aud the 
the constitntiou of the sta 
the nebulae, thus serving to 
which no mere indications 
provide. 

A refracting telescoiw 
usually mounted at the em 
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at the object to be observed. In the present c 
suppose this to be the Moon. The lens forms a 
the Moon at the lower end of the tube, just as tl 
camera forms an image on the ground-glass. Ind 
scoj:)e may be regarded as nothing more or less 1 
camera, in which a tube is substituted for the ordin! 
By putting a plate at the point where the image is i 
giving a suitable exposure, the Moon may be ph( 
just as a landscape is photographed with the cai 
eye observations, however, the image formed by tl 
is looked at through a small lens called an eye-( 
image is magnified in the same way, and to the si 
as any object would be if looked at with the eye- 
as an ordinary hand magnifier. The total magnif 
of the telescope, however, of course depends nol 
the magnifying power of the eye-piece, but also uj 
of the image formed by the object-glass. The i 
image is determined solely by the focal length, 
from the object-glass to the image. Suppose, fc 
we have two telescopes, with object-glasses of the 
eter, but of different focal lengths. The one of 1 
length will give the larger image. If the focal len, 
that of the other telescope, the image will be twi 
With the same eye-piece, therefore, the magnifyir 
the longer telescope will be twice that of the sho] 
We thus see that the size of the image givei 
scope does not depend upon the diameter of its o 
The brightness of the image, however, evidently d 
upon the amount of light concentrated in it, and th 
with the diameter of the object-glass. If we 
diameter of the object-glass, we get four times as 
in the image of a star; for the amount of ligl 
depends upon the area of the object-glass, and th 
as the square of its diameter. 



Labqe axd 



These details are worth 
in great measure, the reta 
teleecoj>es. There is miui 
first imjxjrtance, whith n 
telescoj)e is limited, by th 
of separating two closely 
lesek than » certain distune 
ing power of the telescojie, 
length or through the use 
jKissihly show them as sej 
the faut that the image ol 
disk, the diameter of the 
object -glasB* The disk 
grows larger; so it is eas 
divide a close double sta 
e^tar images, which are of si 
overlap, as seen in the s 
high resolving {jower of t 
dimensions that they apiw? 

Here, perhajis, a word 
it is not at fii-st sight ol 
stnfdhff hi a large telescu 
statement would ncjt be t 
The.se objects are all e(im[H 
a Dioderate magnifying | 
most distant [ilanets) as d 
visible. The stars^ howe| 
that uo telescope, howev 
disks. They are mere [K>i 
reason appareutly larger, ii 
always becoming mure niii 
favorable atmosplu^rie roni| 
instrnments. 

The spurious disk^^*, wl 
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light-waves were infinitely short, appear large in small tele- 
scopes, but small in large onea In the Yerkes telescope, for 
example, stars separated by only a tenth of a second of arc 
can be resolved under the best atmospheric conditions. A 
four-inch telescope cannot separate stars that are less than a 
second of arc apart, no matter what magnifying power be 
applied. In such an instrument, therefore, the thousands of 
double stars whose components are separated by less than a 
second appear as single stars. In the same way, minute 
markings, lying close together on the Sun, Moon, or planets, 
are not separately distinguished in a small telescope, while 
in a large one they may be seen as distinct objects, provided 
the atmospheric conditions are sufficiently favorable. 

We may sum up the preceding remarks by saying that in 
all astronomical observations which involve the separate and 
distinct recognition of very closely adjacent stars, or a knowl- 
edge of the most minute structure of the Sun, Moon, or 
planets, large telescopes must be employed under excellent 
atmospheric conditions. Furthermore, if it is a question of 
collecting sufficient light, either for eye observations, or for 
photography, or for spectroscopic analysis, from an extremely 
faint star, the great area of a large object-glass or mirror also 
becomes essential. Nevertheless it will be shown that for 
many important investigations small telescopes are equal or 
even superior to large ones. 

This brings us to the much-discussed question of the 
relative advantages of large and small telescopes, regarding 
which a great deal has been written. On the one hand, we 
hear the amusing claims of the promoters of the great tele- 
scope which was to be the clou of the last Paris Exposition. 
This immense instrument — which does not seem to have been 
completed, and is now lying unused— was to bring the Moon 
within the observer's grasp — if he could reach a meter! 
The light-heartedness of this claim is manifest when it is 
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remembered that no exi^ 
atmospheric conditiousT bfl 
it would appear to the uil 
miles. 

Ok the other hand, it h 
ence, that it is al>8iird to 
inches' aperture east of thr 
six inches' ajierture in tl 
west of it. This statemenl 
one which emanated from 
unwarranted by the fact 
emphasize a conviction tl 
the eastern part of the Ui 
suited for large telesctijies 
pheric disturbances are tl 
of the world; wi^ shall hav 
in a future chapter. It is 
conditions are, on the av 
astronomical observations 
United States than east 
cannot be denied that nis 
turned out by our easteri 
the fact that they are equi 
these telescopes would do 
conditions goes without s 
exist at alK however, if it 
them some thousands of i 
leges with which they are 
To those who have ust 
the great advantages of la 
work are well known, I I 
exclaim, when looking at , 
forty-inch Yerkes telescof 
planet with a small teh/sc 
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more of detail could he perceive at a single glance. I have 
seen minute structure on the Moon with this telescope, no 
trace of which could be made out with a twelve-inch tele- 
scope on the same evening. Countless fine bright lines in 
the spectrum of the chromosphere, which could never be 
detected with the twelve-inch, are easily seen with the 
forty-inch. Buniham has separated double stars at the 
theoretical limit of resolution of the Yerkes telescope, and 
Barnard has observed the tiny fifth satellite of Jupiter when 
it was beyond the reach of all but the largest existing instru- 
ments. When I think of these observations and of Ritchey's 
photographs of the Moon and star clusters. Frost's and 
Adams' photographs of the spectra of faint stars, and the no 
less important results obtained by Schlesinger, Parkhurst, 
Ellerman, Fox, and others with the Yerkes telescope; and 
when I remember that most of these observations or results 
could not have been obtained with a small telescope, I see no 
possible reason for denying the manifold advantages of large 
instruments. My illustrations have been confined to obser- 
vations made with the Yerkes telescope, because of personal 
knowledge of them. But they could be greatly multiplied if 
the remarkable work of the Lick telescope and of other large 
instruments were drawn uj:)on for examples. In the next 
chapter, through the aid of photography, some of the relative 
advantages of large and small telescopes will be illustrated. 
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The emphasis laid in 
of large telescopes must i 
telescopes are of little val 
discovered 451 new duiih 
(Plate V) is sufficient evi 
true that small teleBt^o|)e 
classes of work, in which 
superiority over large tel 
fields. The equipment o 
the provision of both largt 
for use in the investigatiai 
In fact, the charncteristit' 
tory which distingiii,shes i 
tory of one or two instruu 
multiplicity of special ap| 
purposes. The day of t1 
for conditions si m liar to 
development of the iunun 
machine shop obtain also 

The amateur astronoui 
mind. There is some r 
expensive equipments of 
to discourage the worker 
who has looked at the s 
permitted to opjwjfte thit^ i 
ing that recent develupni 
amateur, I am strongly of 
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importance of this subject, due to the high value 
contributions to astronomy made by amateurs in t 
has led me to devote a subsequent chapter to oppoi 
for work with inexpensive instruments. 

In considering the peculiar advantages of small te 
in certain fields of research, attention must be caller 
outset to the important part played by photography 
astrophysical work of the present day. The photc 
plate, through its power of storing up impressions i 
feebly luminous rays, has in most cases an immense 
tage over the eye. The eye perceives almost at once i 
as can be seen by long gazing at a faint object, 
photographic plate continues, hour after hour, and 
night after night, to accumulate impressions, so tl: 
sufficiently long exposures, objects far too faint to 
by the eye with the same telescope are clearly a; 
manently recorded. Moreover, the photographic ] 
sensitive to light-waves which are too short to prod 
least effect xi\x)n the eye, and in this power of re 
objects which otherwise could never be rendered vis 
matter what their intensity of radiation, the j)late pr* 
second great advantage. Because of these and othe 
of sni)eriority, which far outweigh certain slight defe 
in some few instances still leave the plate inferior to 
the photographic method is now exclusively emplo 
many kinds of observations. 

Some of the most important results of astronoo 
been derived from the use of an ordinary camera, 
just such a lens as is found in the i)ossession of th< 
of amateur photographers. If w^e take an ordinary 
and point it on a clear night toward the north pole 
be found, after an exposure of one or two hours, t 
stars which surround the jx)le have drawn arcs of 
upon the plate (Plate VI). This is due to the h 
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will he seen that such a 1 
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picture- If the same lei 
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the several elements of tl| 
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to photograph them, on account of the spreading of 
amount of light over a larger surface. As will be s« 
the illustration, the tube which carries the lens an 
graphic plate is mounted in such a way that it may t 
about an axis parallel to the axis of the Earth by me 
driving-clock, placed in the upper part of the iron su 
column. The same mounting carries not only the 
lens, but also the lens of a guiding telescope, throug 
the observer watches a star during the entire p 
exposure, continued, perhaps, for many hours, 
thus correct any slight irregularity in the motion of 
scope by certain screws provided for the purpose, wl 
mit him to keep the star accurately at the intersectio 
illuminated cross- wires. The driving of the clock is 
rate that this is accomplished almost automatically 
small changes in atmospheric refraction and othe 
require minute displacements of the instrument to 
from time to time, to insure the perfect immobilit 
stellar images upon the photographic plate. 

Besides the ten-inch camera and the guiding t( 
the Bruce telescope carries three other cameras, wit 
of 6 inches, 3.4 inches, and 1.6 inches aperture resp 
Thus four photographs of the same part of the hea 
different scales, determined by the focal lengths 
lenses, are obtained in a single oj>eration. Our kn 
of the structure of the vast girdle of stars that fc 
Milky Way is derived in very large part from a j 
photographs made with such an instrument. At t 
Observatory Barnard used the six-inch Willard lens 
advantage in photographing these star clouds, and 
through the opportunity afforded by the Hooker Ex 
at the lower latitude of Mount Wilson, he has car 
work farther south of the celestial equator. The Br 
8(*oi>e, temporarily transferred from the Yerkes Obsen 
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a most extraordinary spectacl 
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intertwined with long reaeht 
Here and there vacant regions 
than the background of the 
extending through the en tin/ t 
perha[)(B lead one to suspect tl 
be cutting uff the light from 
Agairu a nebula of great extent 
bounded on the other, may i*u| 
yond our present means of 
spread by certain nebulae si^cni 
though in most cases we cann 
the stars are actually within tli| 
in the line of vision. The sun 
stars and surrounding nebulae 
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as will be shown in a subsequent chapter. It has been f 
that stars of different spectral types, which are ordin 
assumed to indicate different degrees of development 
not equally represented in the Milky Way. The conne 
between these stars and surrounding nebulae, and the pog 
relationship between spectral type and the grouping oi 
stars in the cloudlike forms of the Galaxy, is one oi 
important problems of the present time. Our knowled 
the Milky Way and its structure is still very meager, bu 
future is certain to bring great advances. 

These illustrations may suffice to show the uses o: 
ordinary camera lens in investigations bearing upon 
general structure of the Milky Way. A simple com 
son will serve to bring out both the advantages and 
advantages of large telescopes in studies of a similar '. 
Plate X shows the Milky Way in Ophiucus from one of 
nard's photographs made with a portrait lens. It affo 
superb picture of this part of the sky, such as no v 
observations with any telescope could supply. If the 
region of the heavens were examined with a large teles< 
the field of view would be so restricted that no pi 
impression could be obtained as to the character of 
Milky Way or the distribution of the stars within it 
would, of course, be tx)ssible to count one by one the 
dreds of stars included within a single field of view, an 
long and laborious measurements to map these stars 
ultimately to build up, from combination into a single pi< 
of the results thus obtained, a representation of the ft 
Way. However, such a task would occupy years of li 
and the result would be less valuable, for many purp 
than that illustrated in Plate X. This picture is an i 
graphic record, showing not only the distribution of 
stars, but also their relative brightness on the date oi 
exposure. 
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excellent general idea of the lunar topography. But if the 
detailed structure of the lunar mountains is to be investigated, 
such a picture as that reproduced in Plate XIII would evi- 
dently be far more effective for the purpose. Theophilus, the 
great ring mountain here represented, may be seen in Plate 
XII on a smaller scale. The large-scale picture was obtained 
by Ritchey with the forty-inch telescope, which, as already 
remarked, has a focal length of sixty-four feet. The scale 
of the original photograph was therefore about three and 
one-half times as great as that of the photograph taken with 
the Kenwood telescope. In consequence of the larger scale 
of the Yerkes picture, it brings out many small details which 
are entirely lacking on the Kenwood photograph. 

These illustrations of the separating power of the large 
telesco|)e may lead us to an examination of the instrument 
itself (Plate XIV). Although so much larger, it differs in no 
essential particulars from the Bruce photographic telescope, 
also made by the firm of Warner & Swasey. The great 
weight of the forty-inch lens, amounting with its cell to half 
a ton, requires that the tube which carries it shall be of 
immense rigidity and strength. This tube, sixty-four feet 
in length, is supported at its middle point by the declination 
axis, which in its turn is carried by the polar axis, adjusted 
to accurate parallelism with the axis of the Earth. By 
J) means of driving mechanism in the upper section of the iron 

'i , column, the whole instrument is turned about this polar 

!r| axis at such a rate that it would complete one revolution in 

r twenty-four hours. Although the moving parts weigh over 

twenty tons, the telesco{)e can be directed to any part of 
^ the sky by hand, but this operation is much facilitated by 

jl the use of electric motors provided for the purpose. When 

|i once directed toward the object to be observed, it will fre- 

Ij. quently happen that the lower end of the telescope is far 

I out of reach above the observer's head. For this reason the 

i 

i. 
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the ordinary photographic plate is most sensitive ; hence in 
a photographic telescope the blue and violet rays are united, 
while the yellow and green rays are discarded. 

The forty-inch telescope is of the first type, constructed 
primarily for visual observations. In order to adapt it for 
photography, Ritchey, then a member of the Yerkes Obser- 
vatory staff, simply placed before the (isochromatic) plate a 
thin screen of yellow glass, which cuts out the blue rays, but 
allows the yellow and green rays to pass. As isochromatic 
plates are sensitive to yellow and green light, there is no 
difficulty in securing an image with the rays which the 
object-glass unites into a perfect image. During the entire 
time of the exposure some star lying just outside the region 
to be photographed is observed through an eye-piece mag- 
nifying 1,000 diameters. This eye-piece is attached to the 
frame which carries the photographic plate, and is suscep- 
tible of motion in two directions at right angles to one an- 
other (Plate XVII). In the center of the eye-piece are two 
very fine cross-lines of spider web, illuminated by a small 
incandescent lamp. If the observer notices that through 
some slight irregularity in the motion of the telescoj)e, or 
some change of refraction in the Earth's atmosphere, the 
star image is moving away from the point of intersection 
of the cross-lines, he instantly brings it back by one or both 
of the screws. As the plate moves with the eye-piece, it is 
evident that this method furnishes a means of keeping the 
star images exactly at the same [xjsition on the plate through- 
out the entire exposure. 

Many other comparisons of large and small telesco|)es 
might be given, and some of these will be included in sub- 
sequent chapters. They all serve to demonstrate that each 
telescope has advantages and disadvantages peculiar to its 
size and type of construction. For some purposes small 
camera lenses are to be preferred to all other instruments. 



ASTBONO 

In fact, without their ait 
iraptirtiince coiihl never 
tions these short- foeusi h 
while refracting telestTO 
excellent reenlts. Thes* 
limitation*?, and must yi 
other kinds of work, 
brought out in the next 




CHAPTER VI 

DEVELOPMENT OP THE REFLECTING TELESCOPE 

On a night in April, 1845, while sweeping the sky in 
the constellation of the Hunting Dogs, the observers with 
the great Parsonstown reflector discovered a spiral nebula. 
The instrument with which the discovery was made may well 
be regarded as one of the most remarkable scientific achieve- 
ments of the nineteenth century. With its immense mirror, 
six feet in diameter, having a focal length of fifty-four feet, 
the great telescope of Lord Rosse surpassed in size all others 
ever constructed. Unfortunately for the progress of science, 
the engineering methods of that day were inadequate to 
provide a suitable mounting for this gigantic instrument. 
All parts of the machinery had to be constructed on the spot, 
with such tools as the period and the circumstances afforded. 
It is no small credit to the Earl of Rosse that under these 
conditions the telescope was ever erected, and kept in active 
use by an able company of observers. Supported upon a ball- 
and-socket joint at its lower end, the enormous tube, swung 
in chains, was confined to observations within a short distance 
of the meridian by two flanking stone walls. The observer, 
mounted upon a platform far above the ground, saw the 
image of an object as he looked down into the tube. To 
the present-day astronomer, provided with every appliance 
to facilitate the finding of an object, and with an accurate 
driving-clock which moves the telescope so steadily and uni- 
formly as to maintain the image in the field of view for hours 
together, it is little short of marvelous that the observers 
with the great Parsonstown reflector were able to obtain 
results of value. But, in spite of the difficulties to be over- 
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In view of the difficulties to be overcome, it will be under- 
stood that to accomplish such a result is no small task. In 
the first place, the mirror, which is so sensitive to deformation 
that it will bend under its own weight unless supported by 
special apparatus, must be firmly mounted, yet without strain, 
at the lower end of an open tube. In the second place, pro- 
tection must be provided against currents of warm and 
cold air, and even against the heat radiated from the 
observer's body, on account of the great sensitiveness of the 
mirror to heat, and of the light-rays to irregular refraction in 
the telescope tube. These precautions having been taken, 
the tube must be so mounted that it can be moved with per- 
fect steadiness and uniformity about an axis parallel to the 
axis of the Earth. This condition is imix)sed by the neces- 
sity of counteracting the apparent motion of the star through 
the heavens, due to the rotation of the Earth. But while 
this rotation is uniform, the motion of the star is not, since 
the displacement of its apparent ix)sition from its true posi- 
tion in the heavens, due to the bending of its rays during 
transmission through the Earth's atmosphere, varies with the 
height of the star above the horizon. It therefore becomes 
necessary, as previously exj)lained, to supplement the uniform 
motion of the driving-clock by corrections, accomplished by 
the hands of an observer. All these obstacles having been 
surmounted, there still remain serious sources of difficulty 
in the shaking of the telesco|)e by the wind, the changes of 
temperature during the exposure, which alter the focal length 
of the mirror, and finally, most serious of all, disturbances 
in the atmosphere which tend to blur and confuse the image, 
instead of leaving it, sharp and well defined, to make its 
record uj)on the photographic plate. It should also be 
remembered that the observer must be prepared to hold his 
eye at the eye-piece, and correct every few seconds the posi- 
tion of the plate, throughout exposures lasting several hours, 
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some of the great possibilities of investigating nebular 
structure with instruments of this type. Briefly speaking, 
their superiority to refractors lies in the fact that the light 
is not weakened by passage through glass, but, after reflec- 
tion from a surface of pure silver, all the rays, independently 
of their color, are united in a common focus. With a 
refractor many of the rays are completely cut oflF during 
transmission through the glass of the lens, which is as 
impervious as so much steel to the very short waves of the 
ultra-violet spectrum. Furthermore, a lens does not unite 
all the rays of different colors into a single focus, but forms 
a series of images, corresponding to light of different wave- 
lengths. In order to get a sharp photograph with a refract- 
ing telescope, it is therefore necessary to discard some of 
these rays, in the manner already described (p. 35). The 
reflector, on the contrary, utilizes all of the light* — an advan- 
tage which is clearly shown by the results obtained with this 
type of telescope. 

The photographic studies of nebulae made by Keeler with 
the Crossley reflector of the Lick Observatory, mark a step 
of the greatest importance in the development of the reflecting 
telescope. The mounting of this instrument, constructed in 
England some years previously, and presented to the Lick 
Observatory by Mr. Crossley, was very poorly adapted to carry 
the excellent mirror of three feet aperture. But through the 
extraordinary efforts of Keeler, whose severe exertions in 
carrying out this work hastened his death, the mounting 
was so strengthened and improved as to permit remarkable 
results to be obtained. In other hands, even after these 
improvements had been made, it is doubtful whether sucli 
exquisite photographs would have resulted. But, after many 
unsuccessful efforts, Keeler learned how to overcome the 
difficulties peculiar to the instrument, and in this he has been 

1 Except a certain percentage lost in reflection. 
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stars, particularly in the photography of nebulae, the two- 
foot reflector is especially useful. It is possible with this 
instrument, in an exposure of only forty minutes, to photo- 
graph stars which are at the extreme limit of vision with the 
forty-inch refractor. With longer exposures, countless stars, 
which can never be seen or photographed with the large 
refractor, are recorded on the plates. Compare, for example, 
the photographs of the star cluster Messier 13, reproduced 
in Plates XIX and XX. The principal advantage of the 
reflector in such work, as already explained, is the con- 
centration of the light-rays, irrespective of their color, in 
a single focal image. 

The photographs of nebulae obtained by Ritchey with the 
two-foot reflector show in a remarkable way the beauty and 
delicacy of structure which characterize these objects. It 
will be seen from the illustrations in the plates that the nebulae 
are of many types, although the spiral form predominates. 
The Great Nebula in Orion (Plate XXI), which is the most 
brilliant of the larger nebulae, is of irregular form, and 
marked complexity of structure. Of very different pattern 
is the beautiful nebula in Cygnus, the delicate filamentous 
structure of which is admirably shown by Ritchey's photo- 
graph (Plate LXXXVII). In the nebulae which envelop the 
stars of the Plriades (Plate LXXXVI) two very different 
tyi)e8 of structure are shown ; long parallel filaments predomi- 
nate, but there may also be seen in the photograph a mass of 
nebulosity resembling the flame of a torch blown by the wind. 
But although, as we shall see, evidences may be found of the 
relationship of the stars in these nebulae to the cloud-forms 
themselves, the spiral nebulae certainly appeal most strongly 
to the imagination. The largest of these, the Great Nebula in 
Andromcdcu is perhaps the most interesting object in the 
heavens (Frontispiece). Persistent attempts to measure the 
distance of this nebula from the Earth, made with the most 
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CHAPTER VII 

ELEMEN^IARY PRINCIPLES OF SPECTRUM ANALYS: 

The problem of determining the nature of the net 
seemed to be placed beyond solution by telescopic m 
when it was found that star clusters exist in which the star 
so densely packed that they cannot be separately distingui 
by any telesco|3e. A photographic illustration of this is g 
in Plate XIX. In Plate XI we see a cluster easily resc 
into its constituent stars. In the case of Messier 13, how( 
the photograph here reproduced might leave some dout 
the score of resolvability.* Visual observations, better < 
petent than photographic ones to settle this particular p 
remove the doubt in the present instance. But other chi 
are still more closely crowded, and it was easy to believe 
the unresolved nebulae might be objects of this nature, 
structure of such a nebula as that shown in Plate XC n 
also be supixised to favor such a view. Sir William Hers 
great not only as an observer, but as a philosopher who loi 
deep into the nature of things, was not deceived by t 
circumstances, and persist(»d in his belief that the nel: 
are masses of uncondensed gas, differing essentially : 
clusters of stars. As evidence of the uncertainty w 
nevertheless existed, it must be added that Sir John Hers 
though himself a great philosopher, was led to a coni 
conclusion. For him no nebula existed that could nc 
resolved with a suflSciently powerful telescoi^? into a cong 
of stars. Under these circumstances it is evident that i 
additional means of analysis must be called uix)n to solv( 
probU»m. For as telesco|x^s increased in size the nel 
remained unresolved, showing that either they were in 

• Evoii tlio larfre-8cale i>hoto(craph in Plate XX does not separate the clososl 
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Earth's atmosphere, he nevertheless failed to discover 
true explanation, and thus did not perceive the post 
ties of the science of spectrum analysis. 

Let us consider for a moment what happens when 
is passed through a prism. We may assume the light 
derived from the glowing filament of an incandescent 
placed just in front of a narrow slit. After passing thi 
the slit a (Fig. 1) the divergent rays fall upon the k 




FIG. 1 
Passage of Rays through a Prism 

which renders them parallel, and is known as the coUim 
lens. The parallel rays now meet the face of the pri 
through which they are transmitted. After passing thr 
the prism the rays fall upon the lens r/, precisely simil 
the collimating lens, which forms an image on the sere 
Now, when light strikes a prism it is deviated fr< 
straight path, and the amount of its deviation depends 
the color of the light. Yellow light, for example, is defl 
by a prism more than red light. Green light is defl 
more than yellow light, blue light suflFers even a gi 
change of direction, while violet light is deflected most ( 
It is thus evident that if the light from the incande 
lamp were pure red, and contained no other color, we si 
have a red image of the slit at R. If it were yellow, a y 
image of the slit would be formed at Y. Green light \ 
form a green image of the slit at Gr, blue light a blue i 
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the flame, gives two red lines and a strong blue line. I 
siuni gives a line in the extreme red and another ii 
extreme violet. But the essential point to notice is th 
two substances give lines at precisely the same place i 
spectrum. From this we may conclude that the spectr 
entirely characteristic of the various elements, and ther 
that the presence of these elements in a state of vapo: 
always be recognized by the detection of their peculiar 

The spectra of the elements are of all degrees of 
plexity, ranging from only two or three lines up to se 
thousand. Iron, for example, when turned into vap 
the electric arc, shows, after analysis by the prism, S€ 
thousand lines, irregularly distributed through all 
of the spectrum (a few of these are shown in Fig. 2, 
XXII). It is evident, therefore, if the lines are to be cI 
distinguished from one another, and so accurately recog 
as to avoid confusing a line of iron, for example, witl 
Ix^longing to some other substance, that |)owerful dispe 
may be necessary; i. e., the various lines must be sepa 
from one another as far as possible by drawing out the 
truui to a great length. This can be done by passiuj 
light through several prisms in succession, rather 
through a single prism, as in the present instance. 

So far we have referred to the spectra of metallic vc 
rendered luminous in the gas flame or in the electric 
In order to obtain the characteristic spectrum of a gas, 
as hydrogen, it may be placed in a tube, and made 
nous by an electric discharge. The best results ar 
tained after the pressure in the tube has been reduce 
I)uniping out some of the gas, until the electric disc] 
passes quietly and continuously, so that the whole ini 
of the tube continues to glow with the light of its gaseous 
tents. This light, when analyzed by a spectroscope like 
shown in Fig. 2, is found to give lines which are chan 
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istic of the gas emplojecL Tlie light of hydrogen in a vacuum 
i\iht\ for example* giveB )>reeiselj the same sjieetrum aa the 
light of hydrogen proceeding from one of the great Uames 
at the edge of the Sun, 

W© have now considered two types of Bpectra: (1) the 
atfiffnnous spectrum, prtxluced when a solid body, a liquid, or 




a highly compresBed gas, is rendered white-hot by sufficient 
heat; and (2) a briifhi-Uue ii peel turn, consisting of bright 
linei?s, irregularly distributed on e dark baekgrountl, and de- 
rived from the prismatic analysis of the light emitted by 
luminouB metallic vafjors, or gases rendered iucandescent 
by electric discharges* One other type of spectrum remains 
to be mc^ntioned: a fiark-linr Hpecfnitu^ sneh as Kirehhoff 
ubserved and ex[vlainpd when he effected his famous aualvsis 
of sunlight at HeidellR^ rg in 1S59, 

We have already remarked that Fraunhofer had noted 
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the existence of dark lines in the continuous spectrum c 
Sun, and accurately measured their positions, though 
out understanding their meaning. KirchhofiF, using the 
prism spectroscope shown in Fig. 2, saw these same 
lines in the solar spectrum, and succeeded in explaining 
origin. In the yellow part of the spectrum he observe* 
strong dark lines, very close together. When the sun 
was excluded from the spectroscope, and a gas flame cor 
iug sodium vapor was placed in front of the slit, two si 
bright lines, occupying exactly the same positions ai 
dark lines of the solar spectrum, were seen in their ] 
The flame was then copiously charged with sodium ' 
and retained in its position in front of the slit, the sun 
being i)ermitted to shine through it. It was immedi 
noticed that the two dark lines in the solar spectrum 
considerably darker and more conspicuous when the sue 
passed through the sodium flame than when it was obs< 
alone. Furthermore, it was found that when any white ] 
producing a continuous spectrum without lines, was all 
to shine through a flame containing sodium vapor, the < 
of the flame was to produce two dark lines in the yello 
the precise position of this conspicuous pair of dark lin 
Iron, when transformed to luminous vapor in the eh 
arc, gave an even more convincing proof that the true e 
nation of the solar spectrum had been found: the b 
lines observed in its spectrum by Kirchhoflf and Bi 
were seen to be represented in the solar spectrum h 
equal number of dark lines, precisely resembling them 
in position and in relative intensity. Magnesium, n: 
calcium, and other substances gave similar results, am 
conclusion was irresistible that all of these substances 
in the Sun in a state of vapor. It followed from these e 
iments that the body of the Sun must be an intensely 
mass, emitting white light, which, if it could be obs< 
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oljservations on the si)ectra of stars, and soon establia 
system of tyj^s, based upon the examination of the sf 
of several thousand objects. This work has since been gi 
extended through the application of photographic met 
introduced by Huggins, and applied with marked succe 
Draper and many others. In 1868 the spectro8cop€ 
used for the first time to analyze the red flames seen d 
total eclipses of the Sun. Not only did it demonstrate 
gaseous nature, but a short time later, through the effo 
Janssen, Lockyer, and Huggins, it was found possible t< 
ploy the spectroscope to observe the forms of the promin 
in full sunlight. 

These and other applications of the spectroscope wi 
more fully described in subsequent chapters. Our pr 
purjKise is to explain how the new method, in the han 
Huggins (Plate XXIII), finally proved beyond doubt 
certain nebulae are to be sharply distinguished from 
clusters. 

Sir William Huggins' account of his first spectros 
examination of a nebula is recorded in the Publications ( 
Tulse Hill Ohservatorij, Vol. I: 

On the evening of August 29, 1864, 1 directed the spectre 
for the first time to a planetary nebula in Draco, I looked in 
sp«K'troscope. No spectrum such as I had expected! A $ 
bright line only I At first I suspected some displacement ( 
prism and that I was looking at a reflection of the illuminate 
from one of its faces. This thought was scarcely more 
nionient^iry; then the tnie interpretation flashed upon me. 
li^ht of the nebula was monochromatic, and so, unlike any 
light I had as yet subjected to prismatic examination, could i 
extended out to fonn a complete spectrum. After passing thi 
the two prisms it remained concentrated into a single bright 
having a width corresponding to the width of the slit, and oc 
\\\^ in the instrument a position at that part of the spectn 
which its light belongs in refrangibility. A little closer lo 
showed two other bright lines on the side toward the blue, all 
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CHAPTER VIII 

G RATING SPECTROSCOPES AND THE CHEMICA] 
COMPOSITION OF THE SUN 

The general process employed by KirchhoflF to ir 
gate the chemical constitution of the Sun has al 
been described, but it also seems desirable to gi^ 
account of the perfected method used for this purjx 
a modern laboratory. In order to prove that a givei 
stance exists in the Sun, its lines must be identified 
certainty in the solar spectrum. The spectrum of ire 
example, contains thousands of lines, and it might 
happen that through chance proximity many of these 
would appear to coincide with some of the exceec 
numerous lines of the solar spectrum. It is evident, 
fore, that the method of comparison adopted must be 
as to permit of a high degree of precision in measurii 
positions of the lines. In other words, the dispersion 
spectroscope must be so great as to give a very long 
trum, in w^hich the lines are well separated from one an 
Thus their positions can be accurately determined, and tl 
no danger of confusion in the case of closely adjacent 
which in a less powerful instrument might be seen ai 

The recent great advances in spectroscopy have bee 
in very large measure to the success of Rowland in i 
gratings of high resolving power. In a previous cliaj 
was remarked that the dis{)ersion of a spectroscope n 
increased by increasing the number of prisms through 
the light passes. This not only gives a longer spectri 
also increases the resolving power of the instrume: 
its capacity of separating closely adjacent lines. 
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that the screw is entirely free from error, but the effe 
the exceedingly minute irregularities is almost wholly > 
pensated by ingenious devices that form a part of the 
ing-engine. The machine is automatic in its action, 
when set in motion the ruling of a large grating go€ 
without interruption for six days and nights before 
completed. 

The gratings manufactured on Rowland's machine 
gone into observatories and laboratories in all parts ol 
world, where they have been the principal agents of spe 
scopic research during the last quarter of a century. 1 
great efficiency has caused them to displace prisms 
nearly all spectroscopes in which very high resolving p 
is required. As we shall see later, however, the prism 
remains of great importance to the s{)ectroscopist, particu 
in work requiring moderate resolving power, where it j 
a much brighter spectrum than a grating. 

Rowland's contributions to spectroscopy were by no m 
confined to the manufacture and distribution of optical | 
ings. In addition to his very extensive researches on 
solar spectrum, and on the spectra of the elements 
invented the concave grating, which now forms au esse 
part of the powerful spectroscopes found in many lal 
tories. Prior to Rowland's time the comparatively 
gratings which had been made were ruled on plane surf 
and employed with the ordinary collimator and teles 
of the laboratory spectroscope. That is to say, the pris 
an ordinary spectroscope was removed, and the grating 
stituted for it. In such an instrument the rays of light, i 
passing through the slit, fall upon the collimator lens, w 
renders them parallel. The parallel rays then meet the 
face of the grating, where they are diffracted and spreac 
into a spectrum. This spectrum is observed or photogra] 
with the aid of a second lens, which forms its image or 
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slit on the rail fif\ Tbd 
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It should be remark 
produces not me^n ly a sil 
which can be observed ai 
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along the track away from the slit. The first-order g 
trum lies nearest the slit. The second-order spectrum, t 
as long as the first, which it partially overlaps, lies fai 
from the slit. The third and fourth orders, of increasi 
higher dispersion, lie still farther from the slit. Only a 
tion of the fifth order can be observed with this instrun 
and the higher orders, also beyond reach, are usually 
faint to be of any service. 

Let us suppose that we wish to determine with su 
spectroscope whether iron exists in the Sun. To accomj 
this, sunlight must be reflected from the mirror of a heli< 
(driven by clock-work, to maintain the beam in a fixed d 
tion) to the slit. Between the slit and the heliostat a le 
introduced, for the pur|X)se of forming an image of the 
upon the slit. When the illumination is secured in this 
the whole grating is filled with light from the diverging i 
The grating then produces an image of the solar spect 
u[)on the photographic plate, where it may be recorde( 
giving a suitable exj>osure. 

To facilitate an accurate comparison, the solar spect 
is photographed side by side on the same plate with 
spectrum of the substance whose presence in the Sun : 
be determined. In order to accomplish this, one-half ol 
slit is covered, and the sunlight is admitted through 
other half. Thus the solar si)ectrum is photographec 
one side of the plate. After this exposure is completed, 
sunlight is shut oflf, and the screen in front of the slit m< 
so as to cover the half previously open, and to uncover 
other half. The image of the Sun on the slit of the sj)e( 
scope is then replaced by an image of an electric arc li 
burning between two poles of iron. The spectrum of the 
vapor is thus produced on the plate, and a strip of 
spectrum is photographed beside the strip of solar spect] 
Tliis is illustrated in Fig. 2, Plate XXII, where the u] 



Gbatin 

strip is & small part of t 

by a glance at this photo 
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by the aid of vacnnm tul 
pressure, is illuminated 1 
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shuwn to coincide in jxv,*!! 
in the Sun. 

After many vcars of 
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methods, Rowland reached the conclusion that the chen 
composition of the Sun closely resembles that of the Ej 
Certain elements, such as gold and radium, iodine, sulp 
and phosphorus, chlorine and nitrogen, have not 1 
detected in the Sun. But this does not prove that the} 
certainly absent, as their level in the solar atmosphere 
the low degree of their absorptive effects might pre 
them from being represented. On the other hand, vai 
substances, not yet found on the Earth, are shown by n 
unidentified lines of the solar spectrum to be present ir 
Sun. Some, if not all, of these, will probably be discov 
by chemists, just as helium was found by Kamsay in cle^ 
(p. 78). Rowland remarked that if the Earth were he 
to a sufficiently high temperature, it would give a sped 
closely resembling that of the Sun. 

The most perfect maps of the solar spectrum are thos 
Rowland and Higgs. These are enlarged from photogr 
made with the concave grating, and contain an imm 
number of lines. Both maps extend into the extreme u 
violet s[)ectrum (the invisible region beyond the violet), 
that of Higgs includes a considerable region of the infrc 
(also invisible to the eye) where photographic plates s< 
tized for red light with alizarin blue or other dyes muj 
employed. Both ma{>s are provided with scales of ^ 
length, so that the approximate positions of the lines 
be read off at once. The precise positions of all solar 
photographed by Rowland are given in his Pndimh 
T(tble of Solar Spectrum IVave-Levgths, which records 
places of about 20,000 lines. This table, although kr 
to contain some small errors, is at present employed b 
spectroscopists as the standard of reference. It gives I 
land's identifications of the solar lines, but about 
thirds of the lines have not yet been referred to any kr 
element. Recent investigations of the spectra of vai 
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metals will no doubt jhi 
lines to be identified. 
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cannot fail to be strvu k 
lines in certain regions, 
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the intensity of the cm 
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designation of the sulfur 
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guish the telluric lines from those due to absorption i; 
Sun's atmosphere. According to Doppler's principle 
lines in the spectrum of the east limb of the Sun mm 
displaced toward the violet (by motion of approach), 
those from the west limb toward the red (recession), sine 
Sun is rotating on its axis in a period of about twenty 
days. It occurred to Comu that this fact might give a 
delicate means of picking out the telluric lines, since onl 
lines of solar origin can be displaced by the Sun's roti 
while those due to absorption in the Earth's atmos] 
remain in their normal positions. He formed a small i 
of the Sun on the slit of his sj)ectroscope, by means of a 
which could be made to oscillate rapidly, thus causing th< 
limb and the west limb of the Sun's image to fall altem 
upon the slit. If the spectrum is observed while the i: 
is oscillating, the lines of solar origin will be seen to 
rapidly to and fro through a short distance, while the ie. 
lines will remain fixed. This method was successfully 
ployed by Cornu in an important study of the telluric 
Other investigations of these lines, which have result 
the production of extensive maps, have been made by Th 
(continued by Sp^e), Becker, and McClean. In these i 
tigations the telluric lines were distinguished by observe 
of the 8|>ectrum of the high and low Sun. 

If passage of sunlight through our atmosphere is 
competent to produce dark lines in the solar spectrum, 
evident that the sunlight reflected from a planet should 
evidence of its double transmission through the pk 
atmosphere. This method is actually employed to detei 
the presence and the com{X)sition of the atmospheres o 
planets. 

Remarkable as was Rowland's success in the manufa 
of gratings, and the measurement of wave-lengths with 
aid, it has recently been surpassed by Michelson. Wit 
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production of good 20-inch gratings. The enormous ii 
tance of such gratings, in their application to the study 
Sun, will become clearer as we proceed. One diflScu 
be overcome will be recognized when it is rememberec 
a 20-inch grating, having 12,500 lines to the inch, ' 
contain more than 2,000,000 lines, each about 10 inches 
The microscopic diamond crystal, used to cut all these 
in the hard surface of the speculum metal, must not bre 
change its form appreciably, during the entire period ( 
work. 

It is satisfactory to add that Jewell has recently 
structed a new ruling machine at the Johns Hopkins Ui 
sity which appears likely, from preliminary tests, to be 
rior to Rowland's. We thus have good reason to hop 
the best existing photographs of the solar spectrum wil 
be surpassed. 
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The Sun's light is too brilliant to permit of visual obi 
tion without some method of reducing its intensity. Th( 
means of accomplishing this is by the aid of the polai 
helioscope, which is attached just in front of the 
piece of the telescope. The cone of light from the o 
glass meets a plane surface in the helioscoj)e, from wh 
is reflected at an angle such as to polarize the rays, 
well known, the amount of plane polarized light whicl 
be reflected from a second surface depends upon the 
at which the rays meet this surface. Consequentl 
rotating the reflecting prism the amount of light i 
reaches the eye can be varied at will, thus producii 
image of any desired brightness. When protected b; 
device, the eye of the observer of solar phenomena is 
jected to even less strain than is frequently experienc 
work on fainter objects. 

A casual glance at the solar image is sufficient to 
that it is much darker near the circumference than at th< 
tral part of the disk. This falling-off in brightness tc 
the limb is probably due to the absorption of a smok< 
envelope, which completely incloses the Sun. The ab 
tion is so marked that near the circumference of the Sur 
about 13 per cent, of the violet rays escape. For the 
green, and yellow rays the percentage of transmitted 
increases progressively, until it amounts to about 30 per 
for the red. It has therefore been concluded that, i 
absorbing atmosphere were removed, the color of the 
would appear blue, since the intensity of the violet 
would be about two and one-half times as great as at pr< 
while the red rays would be only about half again as I 
as they are now. 

The visible phenomena of the Sun's disk include th( 
spots and the faculae. The general appearance of sun-i 
when seen with a low magnifying power, is shown in Pla 
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the greatest patience and perseverance are required o; 
part of an observer who would record his impressions o 
solar structure. At the best, drawings based upon \ 
observations must be unsatisfactory, since even the si 
hands of Langley could not secure the perfect prec 
which is so desirable. It accordingly might be hoped 
here, as in other departments of solar research, photogr 
would afford the necessary means of securing results i 
tainable by the eye. Unfortunately, however, this hop 
been only partially realized, as a brief consideration o 
best results in this field will show. 

It is a comparatively simple matter to make a d 
photograph of the Sun. It is only necessary to form a 
image, considerably enlarged, upon a "slow" photogn 
plate, and then to give an excessively short exposur 
means of a shutter containing a narrow slit, which is 
across just in front of the plate at very high speed. The 
from any part of the Sun reaches the plate only during 
brief interval in which the slit is passing the correspon 
part of the image. The exposure for any point may 
amount to no more than ^o o^innr ^^ ^ second. The p] 
graph reproduced in Plate II was taken in this way. 

In order to obtain photographs showing the sm 
details of the photosphere, it is desirable to use a 
image enlarged to a diameter of from 15 to 30 inches, 
photographic plates particularly adapted for this class of ^ 
The best direct photographs hitherto made are those t 
by Janssen at the Observatory of Meudon, near Paris 
portion of one of these pictures, representing the great l 
spot of June 22, 1885, is reproduced in Plate XXVII. 
penumbra is not very well shown, since the exposure reqi 
for the brighter regions of the surrounding photosphe 
too short to bring out its fainter details. Even with sufl5< 
exposure, however, such photographs do not reveal the i 
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of the Sun are the faculae. They are usually most numei 
in the vicinity of Sun-spots, and near the Sun^s limb 1 
ant sometimes very conspicuous brilliant objects, covei 
lur<((» areas. Near the center of the Sun, however, 1 
are practically invisible, though faint traces of them 
sometimes be made out on photographs taken with a suit 
ex[Kj8ure. This increase of brightness toward the Sun's 1 
is assumed to be due to the elevation of the faculae above 
photospheric level, and their escape from a considerable 
of that absorption which so materially reduces the bright] 
of the photosphere. Rising above the denser part of 
absorbing veil, and thus suflFering but little diminutioi 
light, they apj^ear near the Sun's limb as bright obj 
on a less luminous background. 

Janssctn's photographs tend to bear out the assump 
tliat the faculae resemble the rest of the photosphere, di] 
ing mainly in their greater altitude. They are shown 
lh(^se photographs to be resolved into granular elem< 
Hiinilar to those that constitute the photosphere. It will 
Heen later, liowever, that the faculae play a very impor 
rAle, sinct^ they are the regions from which immense masse 
vapors rise to the solar surface. These vapors are invis 
to the (^ye, and no trace of them is shown on photogra 
taken in the manner described above. But they may 
photographed with the si)ectroheliograph, by the met 
explained in chap. xi. 
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parts, by the full Moon. In many ways its streamers 
semble those of the aurora borealis, and it is indeed poss 
that their origin may be ascribed to some similar electi 
cause. During the few minutes of a total eclipse they 
not seen to undergo change of form, but the outline of 
corona does vary, greatly from year to year, in sympf 
with the general variation of the solar activity describe* 
another chapter. At times of minimum sun-spots the fori 
the corona resembles that shown in Plate IV. This minin 
type is marked by great winglike extensions along the s 
equator, and by much shorter streamers, diverging like 1 
near the Sun's pole. At times of maximum sun-six)ts 
corona is much more extensive in the polar regions, 
streamers equaling in length those of the equatorial zon< 

Spectroscopic observations have shown that the corona ( 
sists mainly of gases unknown to the chemist. That i: 
say, the lines in its spectrum do not coincide in position ^ 
the lines of any terrestrial element. Whether these ga 
which are probably very light, will ultimately be found 
the Earth cannot be predicted. Like helium, first knowi 
the Sun, they may eventually be encountered, in mil 
quantities, in some mineral, where they have hitherto esca 
the chemist's analysis. The fact that the lower part of 
corona gives a continuous spectrum, with a feeble solar s] 
trum superposed u[X)n it, indicates that minute incandes< 
particles are present, which are hot enough to radiate w! 
light, and which scatter enough sunlight to account for 
presence of the solar s[)ectrum. 

It may now be of interest to explain how the solar cor 
is photographed during a total eclipse of the Sun, especi 
as the same means are employed during eclipses in ph< 
graphing the solar prominences, and also because we s 
have occasion in a subsequent chapter to refer more 
length to the general ty|)e of telescope here represented. 
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{Kjsition upon the photographic plate, so that any d^ 
exposure may be given. 

With this apparatus some remarkably fine photogra] 
the corona and prominences were obtained by Barnar 
Ritchey, of the Yerkes Observatory party (Plate X] 
During the 87 seconds of the eclipse seven exposures 
made, ranging in length from i second to 30 seconds. S( 
of the photographic plates used were 25 X 30 inches ii 
To facilitate rapid handling, they were mounted on a w 
carrier 15 feet long, free to move on ball bearings on 
rails extending at right angles to the tube through tl; 
tire length of the photographic house. A catch, operat 
hand, served to stop the plate-carrier at the proper po 
for each exposure. 

The solar prominences are seen at total eclipses c 
Smi, projecting like red flames beyond the dark edge < 
Moon (Plate XXIX). With our present knowledge of 
])henomena, it seems hardly possible that just prior i 
middle of the last century they were regarded by 
observers as the illuminated summits of lunar moun 
Their truly solar origin was conclusively demonstrat 
1800, when they were photographed by Secchi and 
Rue, and were shown not to share the motion of the I 
At that time, however, no conclusions could be drawn 
their chemical composition, and it was not until 186^ 
their gaseous nature and their connection with the 
bi^came known through the use of the spectroscope 
was then found that these immense masses of hydroge 
helium gas rise from a sea of flame (the chromosphere, i 
completely envelops the Sun), and sometimes attain < 
tions of hundreds of thousands of miles. 

The rarity and brief duration of total eclipses would 
limited greatly our knowledge of the prominences, ha 
Janssen, Lockyer, and Huggins devised an epoch-m 
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the inch; and a second lens and eye-piece, / and e, 
form the observing telescope. The grating diffracts the 
which reaches it from the coUimating lens, and prod 
spectrum, an image of which is formed by the lens /, 
focal plane of the eye-piece e. If it is desired to photc 
the sj^ectrum, the eye-piece may be replaced by a sei 
plate. 

If we wish, for example, to observe the spectrum < 
chromosphere with this instrument, the slit, about ly 
of an inch wide, is made exactly tangential to the solar i 
Under these circumstances the observer at the instr 
will see the spectrum of the bright sky near the Sun, 
is of course merely the spectrum of reflected sunlight, 
therefore crossed by all of the dark Fraunhofer lines, 
case of substances which are present in the chromosphei 
lines of the spectrum will be reversed from dark to bri 
regions which correspond to the section of the chromos 
lying \i\)oii the slit. The most conspicuous bright linei 
observed in this way are the hydrogen lines Ha (red 
(blue-green), Hy (blue), and HS (violet), and the br 
yellow helium line D3. 

The history of this helium line affords an inter 
illustration of the intimacy of the relationship whicl 
unites terrestrial and solar chemistry. In his first ob 
tions of the spectrum of the prominences, made in 
Loekyer was attracted by the presence of a bright line 
yellow, not far from the j)osition of the D, and D.^ li 
sodium. This line was designated as D.,, but all attem 
identify it among the lines of known elements were 1 
cessful. Accordingly, it was assumed to represent a ne 
probably very light, on account of its association with 1 
<^en at great elevations above the solar surface. L< 
gave the name *Mielium" to this gas, because of its 
origin. In 1895 Ramsay, while engaged in an analj 
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vn[)ors of magnesium, iron, and several other substance 
conspicuously represented by bright lines in the chr 
spheric s[>ectrum; but these lines are shorter than tho 
hydrogen and helium, since the vapors do not rise to so | 
a height. With the Yerkes telescope it is even |x)ssih 
observe a multitude of fine bright lines due to the vap 
carbon, which lies in close contact with the photosp 
The layer of carbon vapor is so thin that the least mi 
of the solar image, or a very slight disturbance of the at 
phere, are sufficient to render the lines invisible. 

A total eclipse afiFords a most favorable opportuni 
determine photographically the depths of the several la 
The simplest way of accomplishing this is to place a p 
over the object-glass of a telescope, which is directed to 
the Sun. When, at the moment of totality, the Moon c( 
the photosphere, arcs of the chromosphere are left proje( 
beyond the Moon's edge. After passing through the pi 
the image formed on the photographic plate will appear 
that reproduced in Plate XXXI, which was taken by Lo 
the eclipse of 1900. The arcs represented here corres 
to the various lines in the spectrum of the chromospl 
In this case, however, since no slit was used in the spe 
scoi)e, the form of each arc is defined by the distributic 
the corresponding vapor. If a prominence is present at 
point, its image will be repeated in each of the arcs n 
senting the element it contains.* Of course, this "spec 
of the flash,'' first observed by Young, and so called on ace 
of its brief duration, can be photographed only during th< 
seconds while the Moon's edge is passing over the chr< 
sphere. 

It will now be seen more clearly how the forms as w€ 
the spectra of the prominences can be observed by the i 

I The prominenco Mrroup shown in Plate XXIX is faintly representee 
(reversed in position) in each of the two stronger arcs. 
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CHAPTER XI 
THE SPECTROHELIOGRAPH 

The spectroscopic method, as applied by astrophys 
in various parts of the world, has yielded a nearly contin 
record of the solar prominences extending back over 
than thirty years. For many purposes such a reco 
entirely satisfactory, and j^rmits imfx^rtant conclusioi 
be drawn. But the process of observation is not only 
and painstaking: it is subject to the errors and uncertai 
that necessarily attend the hand delineation of any ol 
seen through a fluctuating atmosphere. Moreover, chc 
in the forms of eruptive prominences are frequently so : 
that the draughtsman cannot record them. It was princi 
in the hope of simplifying the process of observation, ai 
rendering it more rapid and more accurate, that the spe 
heliograph was devised at the Kenwood Observatoi 
1889.' 

The principle of this instrument is very simple, 
object is to build up on a photographic plate a pictu 
the solar flames, by recording side by side images o: 
bright s[>ectral lines which characterize the luminous g 
In the first place, an image of the Sun is formed by a 
scope on the slit of a spectroscope. The light of the Sun, 
transmission through the sjx^ctroscope, is spread out i; 
long band of color, crossed by lines representing the va 
elements. At points where the slit of the spectroscope 
pens to intersect a gaseous prominence, the bright lin 
hydrogen and helium may ]>e seen extending from the 

> It was subseqnoutly learned that the method embodied in the specti 
frraph had been suKf?estcd by Janssen as early as 1869, reinvented by Br 
Kalocsa, and actually trie<l by Lohse at Potsdam. But it had not proved a a 
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broad dark bands which form the most striking feature 
solar spectrum, two bright lines (H and K) were four 
attributed to the vapor of calcium. They had prev 
been seen visually by Young, but, on account of the ir 
tiveness of the eye for light of this color, they could ; 
observed satisfactorily. A careful study soon showed 
to be present in every prominence examined, at elev 
above the solar surface equaling or exceeding those at 
by hydrogen itself (Plate XXXII, a). Their suitabil 
the [)urpose of prominence photography is due to s 
causes, among which may be mentioned their excej 
brilliancy, their presence at the center of broad dark 
which greatly diminish the brightness of the sky spec 
and tlie comparatively high sensitiveness of photog: 
plates for light of this wave-length. 

While fairly efficient from an optical jxjint of vie 
spectroheliograph of the preceding year had possessed 
mechanical defects. It sufficed to give photograp 
individual prominences, but they were not very satisfa 
In a new instrument, devised for use with the 12-inch 
wood telescope, the principal defects were overcome 
means of securing the necessary conditions of the e 
ment were provided. The Kenwood spectroheliogrs 
shown in Plate XXXIV. In this instrument the solar 
and photographic plate were fixed, while the first and s 
slits were made to move across them by means of a s 
of levers, set in motion by hydraulic power. The first 
of the instrument, made in January, 1892, were ei 
successful, and the chromosphere and prominences sun 
iiig the Sun's disk were easily and rapidly recorded ( 
III, XXXV, and XXXVI). The details of their stn 
were shown with the sharpness and precision charact 
of the best ecli|)se photographs. And the opportuni 
making such records, previously limited to the brief 
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invisible when they happen to lie near the center of the 
The bright H and K lines, referred to in the last parag 
were found in close association with the faculae, ai 
appeared i)robable that much of the highly heated cal 
vapor, to which these bright lines are due, rises fron 
interior of the Sun through the faculae. It was ther 
to be exi)ected that a successful application of the spe 
heliograph to the photography of the luminous cal 
clouds would give bright forms resembling those of 
faculae. Furthermore, it was to be hoped that these bril 
clouds could be recorded, not only near the limb of the 
but also in the central i)art of the disk, since the b 
reversals of the H and K lines were equally well pi 
graphed in all parts of the image. 

The results of the first experiments, which were ma< 
the beginning of 1892, were such as to justify fullj 
exjx^ctations that had been entertained. It was at once f 
I)08sible to record the forms, not only of the brilliant cl 
of calcium va[)or associated with the faculae, and occui 
in the vicinity of sun-spots, but also of a reticulated s 
ture extending over the entire surface of the Sun. 
earliest use of the method was made in the study ol 
great sun-s|)ot of February, 1892, which, through the { 
scale of the i)henomena it exhibited and the rapid cha 
that resulted from its exceptional activity, afforded the 
conditions required to bring out the peculiar advantag 
the spectroheliograph. In the systematic use of the in 
nient continued at the Kenwood Observatory through 
following years, a great variety of solar phenomena 
recorded, and the changes which they underwent from 
to day — sometimes, in the more violent eruptions, 
minute to minute — were registered in {permanent f 
During this period, which ended with the transfer of 
Kenwood instruments to the Yerkes Observatory, over 2 
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dark lines of hydrogen, but the Kenwood spectrohelio^ 
was not well adapted for this purpose. 

The 40-inch telescope of the Yerkes Observatory 
vided the first requisite for the new work — namely, a 
solar image, having a diameter of 7 inches as compared 
the 2-inch image given by the Kenwood telescope, 
construction of a spectroheliograph large enough to p 
graph such an image of the Sun involved serious difficii 
but these were finally overcome. The Rumford sp€ 
heliograph, designed to meet the special conditions o 
new work, was built in the instrument shop of the Y 
Observatory, and is now in daily use with the 40 
telescope (Plate XXXVIT). 

In this instrument the solar image is caused to 
across the first slit by means of an electric motor, v 
gives the entire telescope a slow and uniform motic 
declination. The sunlight, after passing through the 
slit, is rendered parallel by a large lens at the lower e: 
the collimator tube. The parallel rays from this len 
upon a silvered glass mirror, from which they are reflect 
the first of two prisms, by which they are dispersed i 
spectrum (Plate XLI, Fig. 1). After passing througl 
prisms, the light, which has now been deflected throuj 
angle of 180°, falls upon a second large lens at the 1 
end of the camera tube. This forms an image ol 
spectrum at the up{)er end of the tube, where the s€ 
slit is placed. Any line in the spectrum may be mac 
fall u|X)n this slit, by properly adjusting the mirror 
prisms. Above the slit, and nearly in contact with it 
})hotographic plate is mounted in a carriage, which rui 
rails at right angles to the length of the slit. The rail 
covered by a light-tight camera box, so that no lighi 
reach the plate except that which passes through the 8€ 
slit. While the solar image is moving across the first 
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Mention has already been made of the faculae, whicl 
simply regions in the photosphere that rise above the < 
nary level. Near the edge of the Sun their summiti 
above the lower and denser part of that absorbing ati 
phere which so greatly reduces the Sun's light near 
limb, and in this region the faculae may be seen visu 
At times they may be traced to considerable distances i 
the limb, but as a rule they are inconspicuous or wl 
invisible toward the central part of the solar disk. 
Kenwood experiments had shown that the calcium v 
coincides closely in form and position with the faculae, 
hence the calcium clouds were long spoken of under 
name. In the new work at the Yerkes Observatory the 
ferences between the calcium clouds and the underl; 
faculae became so marked that a distinctive name for 
vajwrous clouds appeared necessary. They were there 
designated floccuU, a name chosen without reference to t 
particular nature, but suggested by the flocculent appear; 
of the photographs. 

In order to analyze these flocculi and to determine t 
true structure, a method was desired which would pe: 
sections of them at different heights above the photosphei 
be photographed. Fortunately there is a simple means ( 
described by Deslandres) which appears to accomplish 
api)arently difficult object. At the base of the flocculi 
calcium vapor, just rising from the Sun's interior, is c 
paratively dense. As it passes upward through the floe 
it reaches a region of much lower pressure, and during 
ascent it might be expected to expand, and therefore 
become less dense. Now we know from experiments in 
laboratory that dense calcium vapor produces very bi 
si)ectral bands, and that, as the density of the vapo 
decreased, these bands narrow down into fine, sharp 1 
(Plate XLI, Fig. 2). An examination of the solar specti 
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XLII.* The manner in which the vapor at the Hj, level 
hangs the edge of the sun-spot is very striking, and thoi 
study should throw some light on the conditions which 
in such regions. For it is possible, not only to photoj 
sections of the vapor at various levels, but also to asce 
by the displacement of the Hg or H, line, as photograph 
a powerful spectrograph, the direction and velocity of m 
of the va|X)r which constitutes the flocculi. It is come 
found that the vapor is moving upward at the rate of i 
one kilometer per second, though the velocity varies 
siderably at different jK)ints and under different condi 
The photographs occasionally show the existence of flc 
remarkable for their great brilliancy. In these regions t 
eruptions are in progress. The vapor, rendered h 
luminous by intense heat or other causes, is shot out 
the Sun's interior with great velocity. Consequently 
are rapid changes in the forms of these brilliant reg 
whereas the ordinary flocculi change slowly, and repr 
a much less highly disturbed condition of affairs, 
brilliant eruptive flocculi always occur in active regioi 
the solar surface, and probably correspond with the < 
tive prominences sometimes photographed projecting 
the Sun's limb. A remarkable instance was recorde 
the Kenwood photographs, which showed four succe 
stages of an eruption of calcium va])or on an enormous t 
A vast cloud thrown out from the Sun's interior compl 
blotted from view a large sun-spot, and spread out in t 
minutes so as to cover an area of four hundred millio 
stjuare miles. 

lAIthoujfh theso photographs have been arranKed for comparison wi 
store* )scope, it is to be understood that no stereoscopic effect in theordinar; 
will be obtained in examinint; them. The purpose of using the stereoscope is 
to allow the images to be superposed, thus permitting them to be seen at th 
point in rapid succession by moving a card so as to cover alternately the two 
of the stereoscope. Thus the manner in which the calcium flocculi overha 
ptMiumbra. and sometimes the umbra, of spots can be observe^. 
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records side by side upon the photographic plate a 
number of images of a line which, taken together, bui 
the form of the region from which the light proceeds 
this way the full benefit of the physiological princii 
derived, and very minute differences of intensity at vt 
I)art8 of the solar disk are clearly registered upoi 
plate. 

It is obviously essential in photographing with the 
lines to exclude completely the light from the contii 
8})ectruni on either side of the line employed. The a 
sion of even a small quantity of this light might comp 
nullify the slight differences of intensity recorded b 
aid of the comparatively faint light of the dark line, 
the second slit cannot be narrowed beyond a certain ] 
it is evident that for successful photography with the 
lines their width must be increased by dispersion ii 
siH^ctroheliograph to such a degree as to make them 
than the second slit. 

The first satisfactory photographs obtained with dark 
were made with the Rumford spectroheliograph in May, 
The lines of hydrogen were chosen for this purpos 
account of their considerable breadth, and because o 
prominent part played by this gas in the chromospher 
prominences. In order to secure sufficient width o 
lines, the mirror of the spectroheliograph was replaced 
large plane grating having 20,000 lines to the inch, 
leaving the grating the diffracted light enters the pi 
where it is still further dispersed before the image o] 
s|)ectrum is formed upon the second slit. The efPect o 
prisms is not only to give additional dispersion, but a 
reduce the intensity of the diffuse light from the grati 
a most imix)rtant matter in work of this nature. The h 
gen lines employed were i/^, ^7, or i/S, in the green- 
blue, and violet, respectively. 
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cliromoBphere, where the absorption probably occurs, 
results of work at Mount Wilson, described in chap, xvi, e 
to render this view probable. It should be emphasize 
this ix)int, however, that the explanation of spectroheliogi 
results offered in this chapter is merely an hypothesis, wi 
subsequent investigation may not prove to be con 
According to Julius, the flocculi are not luminous clouds, 
the eifects of anomalous dispersion of light passing out f 
the Sun's interior through vapors of unequal density 
p. U8). 

The Rumford s|)ectroheliograph was also used to se< 
l)h()tographs with some of the stronger dark lines of : 
and other substances. But even with the grating the dis 
sion was insufficient to give thoroughly trustworthy resi 
except in a very few cases. It was evident that much gre 
disf^ersion must be employed in order to realize the full ad^ 
tages of the method in future work. Subsequent prog 
in the development of the spectroheliograph is describes 
chap. xvi. 

Within a short time after the first work at the Kenw 
( )bsiTvatory the sj)ectroheliograph came into general 
Evershed constructed and successfully used one of tl 
instruments in England, and a year later Deslandres, wl 
admirable work on the s{>ectra of the flocculi was conten 
raneous with the investigations at the Kenwood Observatt 
undertook systematic research with a spectroheliograph 
the Paris Observatory. His contributions to the deveJ 
nient of the instrument have been very valuable. Ot 
spectroheliographs are now used daily in India, Sicily, Sp 
Germany, England, and the United States. 
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nities for co-operation and correlation are unusually { 
and have yielded many important results. The impossil 
of completing at any one observatory the extensive in^ 
gations required for the solution of large cosmical prob 
and the advantages which may result from the discussi 
observations made simultaneously or at stated intervals 
stations differing widely in geographic position, altituc 
climatic conditions, render co-operation essential in i 
cases. Plans for international co-operation in solar rest 
are mentioned elsewhere. An attempt to provide fo: 
closest possible correlation of work within a single obs 
tory is also described in this book. 

In establishing an observatory, either one of two pol 
both represented in existing institutions, may be ado 
On the one hand, attention may be directed to the pro 
tion of individual researches or extensive routine invee 
lions, not necessarily closely related to one another, but 
constituting an important contribution to knowledge, 
the other hand, a single large problem may be chosen 
all individual investigations planned so as to lead as dir 
as possible toward its solution. The observations reqi 
may be very diverse, and cover a broad field. Each, 
ever, to be most effective for its purpose, must be chosen 
special reference to the existing needs, and the general 
gramme must be revised from time to time, in the lig 
every important advance. 

The Yerkes Observatory may serve as an example c 
institution in which extensive individual investigal 
differing widely in character, comprise the programn 
research.' Its scheme of work was based on a delib 
inttmtion to realize the fullest possible advantages of 
4()-inch refractor in the diverse researches for which 

I In the astrophysical work, however, an eflfort was made to correlate th( 
stclhir, and lalM>ratory invcBti^ations. 
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enlarging faculty. A narrow view of the future on th< 
of the trustees might have led to the erection of the c 
vatory in Chicago, and its use for the purposes of instri 
rather than for those of research. Fortunately, a difl 
I)olicy prevailed. It was recognized that the 40-inch 
scojje should be exclusively devoted to investigation, am 
a site ill the immediate neighborhood of the univ( 
grounds would prevent its effective use. It was ac 
ingly decided to secure a site in the most favorable loc 
within a reasonable distance of Chicago, and a trs 
land in Wisconsin, on the shore of Lake Geneva, was t 
selected. 

The plan of the building shows the influence of the 
Observatory and the Astrophysical Observatory of Poti 
both of which embody many admirable features. The ad 
form of a Roman cross [>ermitted the three domes to be 
rated to such an extent that they practically do not int< 
in the least with one another (Plate XLIV). The des 
the donor for an ornate structure, and the decision c 
architect to introduce rather florid embellishments of 
cotta, led to the use of brick as a building material. Thi 
(juite ill accordance with convention, but in conflict wit 
condition, well known to astronomers, that the temper 
within an observing-room should be as nearly as possib 
same as the temj;>erature of the outer air. The massive 
wall of the great tower in which the 40-inch telescc 
mounted is therefore decidedly inferior to a light steel 
struction, with a thin metallic wall, shielded from the Si 
an outer wall of similar type. Architectural considera 
however, have weighed as heavily in nearly all of the w 
largest observatories, and the complete freedom of a 
subsequently experienced at Mount Wilson, had not yet 
attained. 

The engineering problems presented by the greal 
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the other must de[)end upon the needs of the work for ^ 
it is required. 

In order to direct the 40-inch telescope to a faint 
the sidereal time, as well as the right ascension and de< 
tion of the star, must be known. After the opening i 
dome has been turned toward the proper quarter o 
heavens, the telescope is moved in right ascension ( 
around the polar axis, which is parallel to the Earth's 
until the hour circle, attached to this axis, indicates 
proi)er reading. This reading is determined by takin, 
ditference between the sidereal time and the right asce: 
of the star. The result gives the distance of the star 
the meridian, expressed in hours and minutes of time, 
motion of the telescope in right ascension is produce 
means of an electric motor, controlled by a rope running ( 
the north face of the iron column and easily reached 
the rising-floor. The next operation is to move the telej 
in declination (i. e., around an axis at right angles t( 
j)olar axis) until the declination circle indicates the pi 
reading, so many degrees north or south of the equator, 
the eye-end of the telescope is then too high to be rea 
by the observer on the rising-floor, the floor is raise 
means of an electric motor, controlled by a switch nea 
telescope column. An adjoining switch controls the n 
which turns the dome. On looking into the eye-piec< 
star will be found in the field, provided the setting has 
accurately made. The tele8co{>e is next clamped in : 
ascension and declination. It will then be carried b] 
driving-clock, which causes the polar axis to rotate thr< 
a complete revolution in twenty-four hours. The app« 
motion of the star in the heavens is thus counteracted, 
the image remains fixed in the field of view, where it 
be studied in any way desired. 

If, for example, the observer wishes to measure the 
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We have already seen (in chap, xi) how the Run 
spectroheliograph is used with the Yerkes telescope. A 
spectroheliograph weighs about 700 pounds, and mui 
attached each morning and taken off at night, special arn 
meiits are required to facilitate this work. Each 1: 
instrument used in conjunction with the telescope is moi 
on a carriage, which stands on the rising-floor. Whei 
cliange is to be made from one attachment to anothei 
floor is raised to its highest position and the telescope 
flrmly anchored to it by means of a steel bar. This 
obviate any danger of accident when the balance of the 
is temporarily disturbed. The carriage bearing the spe 
heliograph is brought to the eye-end of the telescope 
spectroheliograph clamped to its supporting ring, and 
700 pounds of iron weights removed from the telei 
tul)e. This restores the balance, which must be adj 
to a nicety. 

The Bruce spectrograph (Plates XL VI and LXX\ 
is used by Frost for the photographic study of stellar sp< 
The image of a star is formed on the slit of the spectrog 
which is about one-thousandth of an inch in width, 
light tlien passes to a collimator lens, which renders the 
parallel. Three large prisms, next traversed by the 
bend them through an angle of 180° and disperse 
into a spectrum. The camera lens forms an image o; 
si)ectrum u{X)n the photographic plate. Throughou 
exposure, which may be continued several hours, th( 
server watches the star image and kee{>s it accuratel 
tlie slit, any imperfections in the driving of the telei 
being corrected })y means of electric slow motions. In < 
to eliminate the effect of the changing temi)erature i 
open dome, the spectrograph is inclosed in a tight-fi 
case, the interior of which is maintained at a uniform 
perfiture by electric-heating coils. 
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The Rumford spectroheliograph and the Bruce spe 
graph were constructed in the instrument shop of the Y< 
(Observatory. It had long been customary for observat 
to provide means of repairing their own instruments, bu 
work of construction had, as a rule, been left to the pr 
sional instrument-makers. At the Yerkes Observatory a 
equipj)ed shop was not only a convenience, but a necef 
The funds given for the establishment of the observatory 
not provide for a general equipment of minor instrum 
In the absence of the means of purchasing instruments 
only alternative was to construct them. Fortunatel 
number of machine tools had formed part of the equip] 
of the Kenwood Observatory and were immediately avail 
The appropriations of the University of Chicago permitl 
skilled instrument-maker to be regularly employed, and 
cial gifts, received from various sources in subsequent y 
sometimes enabled us to keep several men at work, 
instrument shop, at first under the direction of Wadsw 
and subsequently under Ritchey (who was in charge o: 
optical shop from the beginning), proved to be indispent 
to the success of the Observatory's work. Not only the ini 
ments already mentioned, but also the 2-foot reflector. 
Snow telescope, a 3^-inch transit instrument, spectrosc 
and other apparatus used in the laboratory, and many sp 
instruments and appliances employed with the -iO-inch 
scope and in other departments of the work, came from 
source. It may be said that in a large astrophysical obsc 
tory, where new iyi>es of instruments are constantly b 
devised, a well-equipped instrument shop is essential ii 
best results are to be obtained. This is largely becaui 
the advantage of having the instruments constructed ui 
the immediate supervision of the men who are resjwnsibh 
their design. 

The optical shop was another feature of the Ye 
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large concave grating of the Kenwood Observatory 
furnished convincing evidence of the advantages of 
instruments mounted on piers, and the beautiful resolutic 
tht^ solar spectrum with this apparatus made observatioi 
stellar s[)ectra with small i)ri8m spectroscopes seem uns 
factory. It was felt from the first that every effort shou] 
made to devise a telescope capable of bringing a large 
well-defined solar image, or a sharp and brilliant st 
image, into a laboratory, where it could be observed t( 
best possible advantage, with appliances too large oi 
heavy for use with moving telescopes. It seemed clear 
if this desire could be realized, and if the full advant 
of reflecting telescopes for astrophysical research couL 
attained, the means thus provided should render possil 
well-directed attack on the problem in mind. 

The work of the Rumford spectroheliograph showed 
the further development of this instrument must invo! 
considerable increase in dispersion, so as to permit the 
of the narrower dark lines. This meant an instrumei 
large dimensions, necessarily to be mounted in a fixed i 
lion, since it could not be attached to a moving teles 
tube. Another piece of work pointed to the same req 
nient. At the Kenwood Observatory attempts were mac 
photograph the spectra of sun-sjwts, and negatives 
secured showing a few of the more conspicuous widened 1 
The need of a larger solar image for this work was m€ 
till* Yerkes tele8co[)e. A marked improvement in the pi 
graphs resulted. However, it was clear that photograpl 
spot spectra suitable for the most refined investigations c 
not be obtained without the use of a spectrograph of r 
higher dispersion. For satisfactory results a spectrog 
of at least 10 feet focal length was needed, and this c 
not be attached to the moving tele8coj)e tube. Here, aj 
was another argument for the fixed type of telescope. 
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on foot at the Kenwood and Yerkes Observatories. A 
mittee, appointed to report on the advisability of establij 
an observatory for solar research, and another observatoi 
observations of the southern heavens, favored both of 
projects. A careful test of various sites in the United S 
and in Australia, made at the request of the committe 
Hussey, led to the provisional selection of Mount W 
(5, 880 feet), near Pasadena in southern California, a 
site for the proposed solar observatory. An ai)proprij 
granted by the Carnegie Institution in 1904, furnishe 
means of sending an ex{>edition from the Yerkes Observ 
to Mount Wilson. The Snow telescope was erected oi 
mountain, in a new tyi)e of house especially designed 1 
An instrument shop was established in Pasadena foi 
construction of the spectroheliographs and other appa 
re<juired for use with the Snow telescope. In Decei 
11H)4, the Carnegie Institution decided to establish a 
observatory of its own on Mount Wilson. Througl 
coiirtt^sy of the authorities of the Yerkes Observator; 
tlie University of Chicago, the Snow telescoi)e was ret 
on the mountain, and has since been purchased by the 
( )bHervatory. The optical work on the 00-inch mirror, \ 
was also acquired by the Solar Observatory, was res 
by Ritchey in the optical shop at Pasadena. He 
designed the mounting for this telescope, and the wo 
const rue tin ij it was soon undertaken. 
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refraction of the air through which they pass. The 
would thus api)ear blue for the time being. The 
instant the intensity of the blue light might be redu 
causing the star to seem red. Since the length of the li 
[)ath and the degree of refraction increase toward the 1 
zon, the twinkling of stars, which frequently disappears 
gether at the zenith, is most apparent at low altitudes. 

As the effect of twinkling is so apparent to the eye, 
easy to see that it may be greatly magnified in a teles 
and produce serious interference with observations, 
star image, instead of being a minute, sharply defined p 
usually ap|)ears in the telescope enlarged, confused, 
tremulous. The component members of close double s 
though easily within the resolving power of the telesc 
under such conditions may overlap and appear as one. S 
larly the minute surface details of the Moon or planets 
Ije t»ntirely obliterated by atmospheric disturbance. It 
tliough the astronomer were forced to observe the heav 
l)o(lies from the bottom of an ocean, not calm and trar 
throughout its mass, but constantly disturbed by curren 
various directions and at diflFerent depths, and by irr 
larities of density arising from unequal temperatures. 

It sometimes happens that excellent definition of 
scopic images is obtained through smoke or haze, under 
cunistances which might ap|)ear to be wholly unsuitable 
astronomical work. For certain kinds of observations, w 
p(»rfect definition is all important and brightness of the in 
of less consequence, the lack of transparency occasionet 
hazy air does no harm. But in most classes of work part 
suspended in the atmosphere not only reduce the in 
sity of i\w light, but produce serious interference thrc 
scattering of the rays. The brightness of the sky near 
Sun, for example, increases greatly with the number of 
or smoke particles in the air. In visual observations of 
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and the brilliant illumination of the sky produced in 
cities by electric lights, the freedom from vibration a 
from railways and the heavy traflSc of a large city, an 
facilities for quiet study afforded by the tranquil life < 
country, were important recommendations of the 
Geneva site. The observational work of the Yerkes C 
vatory has been sufficient in amount and quality to 
that more valuable material can be secured under 
atmospheric conditions than can be adequately disc 
without a far larger staff of computers than the obsen 
has ever been able to employ. It goes without saying, 
ever, that a better site would have been preferable. 

But it must not be supposed, from what has been 
that all mountain j)eaks would make good observing sta 
It is true that by ascending into the up{>er atmosphei 
astronomer may escape the strong absorption exercis 
tlie dense air of lower levels. As one goes up, the 
become brighter and brighter, especially near the ho 
since the decrease in length of path is much greater ii 
region than near the zenith. Blue and violet light 
more from atmospheric absorption than the red, yellov 
green rays. For this reason, the advantages of high 
tions, so far as transparency is concerned, are more apj 
in photographic than in visual observations, since the 
and violet rays are principally concerned in the prodi 
of the photographic image. 

Thus, from the standpoint of atmospheric transpai 
mountain sites may always be considered to possess a 
tages for astronomical work. But transparency is 8 
invariably a much less important consideration than g 
ness of definition, which does not, by any means, d< 
merely vLyion altitude. In the first place, the geogi 
location of the mountain in question is a most imp 
factor. Long periods of continuous clear weather, en 
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iiig. Then small cumulus clouds would begin to form ii 
diately around the j)eak, and by noon a thunderstorm \ 
be raging, frequently accompanied by a light fall of i 
In these storms the wind rose to a tremendous velocity, e 
times as great as seventy miles an hour, and the elec 
plienomeua were very remarkable. The frequency with ^ 
these storms cut off all solar observations, except in the 
morning, illustrates the fact that even for work on the 
radiation, which requires a clear and transparent sky tin 
the greater part of the day, Pike's Peak would serv< 
poorly, at least during this season of the year. As ma 
these storms were confined to the immediate summit c 
mountain, a station several thousand feet below would 
ably oflFer more opportunities for work than the |)eak i 

But this is not all. The definition of the Sun or st 
rarely good on Pike's Peak. This is probably due, not m 
to frequent storms and high wind velocities, but also in 
to the fact that the summit of the mountain is bare and r 
so that heated currents of air rise from the surface and 
the definition of the solar image. At this altitude mou 
sickness is also very common, and would undoubtedly i 
f(*re, in some degree, with the operation of an observe 
The observers at that time stationed there by the We 
Bureau informed us that they could not remain oi 
mountain for long periods without impairment of healtl 
energy. Two-thirds of the tourists who came to the sui 
by the railway or on foot, were visibly affected by the 
altitude. Another cause of diflBculty at the time was 1 
fires in the mountains surrounding the peak, which 
volumes of smoke into the air. This rose to a great alt 
and destroyed the deep blue of the sky. 

The unsuccessful attemi)ts to photograph the corona 
renewed on Mount Etna in July, 1894, through the kin 
of Professor Ricc6, director of the Bellini Observai 
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sunset visitol Valle del Bove. Sky filled with haze, and almo 
bright for the (»ye 10" from Sun. 

Jnhj 12. Sky very whit«. Wind still blowing smoke from < 
over Sun. Bank of haze alx)ve level of observatory. Observec 
by projt^tion with Professor Ricc6; image unsteady. Climl 
top of crater, and found sky in zi^nith of deeper blue than whei 
from oliservatory. Whole island enveloped in haze. Desc< 
to observatory by moonlight; double halo around Moon. Obs 
Moon, Saturn, and several stars with the 12-inch, using powt 
to 480. Seeing magnificent; images almost perfectly steadv 
highest power. Both Moon and Saturn were very low, but ii 
were remarkably good. With naked eye scintillation was h 
perceptible in stars higher than 30^ 

July 13, Wind blowing from direction of crater, but sk; 
since July 9: cloudless and generally whitish, but increase in b 
ness toward Sun was gradual. Much dust. Telescope in use 
9h ^)m ))y Professor Ricc^ for daily record of chromosphere. ] 
ineuces very well seen. At 9^ 50»" broad and brilliant ri 
whiteness around Sun, making it useless to try for corona. S 
blowing directly over Sun, and diffusing through entire sky. 
iniag(? oV)served by projection; definition very poor. At 11*^ sk 
improved, and preparations w^ere made to photograph coron 
five minutes later more smoke blew over Sun, and sky became 
white. Mirror found to be dewed, and surface badly tarnish 
the sulphurous fumt>s, though it had been tightly covered 
moment it was not in use. Sky around Sun remained brigh 
wind was so violent that no photographs could be made. S 
sulphurous odor. 

July 14. Smoke blowing across sun. Strong sulphurous 
Whole eastern sky white. Prominences fairly well seen at 7* 
L(»ft oVjservatory at 3 •», and arrived at Catania alx)ut midnigh 

As I was assured by Tacchini and Ricc6 that the s 
fnH|uently very clear on Etna, it may safely be concl 
that the difficulties we encountered were exceptional. Di 
the entire time of our stay in southern Italy and Sicil 
atmosphere was very hazy, and the sky was rarely of a 
blue. I was told by Galvagno, the custodian of the 
Observatory, that the smoke this year was much more m 
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Observatory (Plate XLVIII), siuce the work is eonfin 
night observations. The great number of admirable re 
many of them requiring the finest definition, which 
been obtained at the Lick Observatory, afford the b( 
evidence that its site was well chosen. 

The results of experience in various parts of the ' 
would seem to indicate that a mountain observatory, il 
to enjoy good conditions both by night and by day, si 
be situated in a climate where the sky is clear continu 
for [)eriods of several weeks or months, and the average 
velocity is low. The summit of the mountain, as well 
slopes, should be covered with foliage, to protect it froi 
heat of the Sun. Finally, the elevation should be suflG 
to escape the dust which diffuses itself through the f 
the dry season, and the low-lying fogs and clouds frequ 
encountered in regions near the sea. 
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the central problem in mind, each successive researc 
designed to occupy a logical place in a concentrated at 
proceeding along these converging lines. 

The variety of the problems connected with the estah 
ment of the Solar Observatory on Mount Wilson aflfoi 
good illustration of the diversified work of an astrono 
It was necessary, in the first place, to test the atmospl 
conditions by means of telescopic and meteorological obs< 
tions extending over a considerable period of time, in c 
to make certain that the site would prove suitable. Ii 
second place, since the summit could he reached only 
narrow mountain trail, it was evident from the outset 
the question of transporting building materials and the ] 
of heavy instruments would not be an easy one to s 
Again, since one of the prime purposes of the new observi 
was to take advantage of the possibilities of improved in 
ments, the design and construction of the telescopes, spe 
scopes, and other appliances would require the solutio 
many instrumental and engineering problems, and much 
of experiment. It was known, for example, that glass mi 
change their form decidedly when exposed to the Sun's 
For this reason it was to be feared that they might not 
good solar images. This is a matter of fundamental in 
tauce, since the fixed telescope for solar observations n 
sarily involves the employment of mirrors. In additi< 
these questions, many others, very diverse in character, 
sented themselves. These included the preparation 
programme of research, adapted for the special requiren 
of the new observatory, in which all the investigatio 
[)rogress were to be closely correlated; the considerati^ 
the best methods of discussing and interpreting the pi 
graphs made with the spectroheliograph and other in 
ments ; the invention and construction of special measi 
and computing machines, etc. 
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Mount Wilson is one of many mountains that form 
southern boundary of the Sierra Madre range (Plate XL] 
Standing at a distance of thirty miles from the ocean, it i 
abruptly from the valley floor, flanked only by a few spu 
lesser elevation, of which Mount Harvard is the higl 
Except for a narrow saddle. Mount Wilson is separated i 
Mount Harvard by a deep cafion, the walls of which are 
precipitous. Farther to the west, beyond the saddle lea< 
to Mount Harvard, the ridge of Mount Wilson forms the u] 
extremity of Eaton Cafion, which leads directly to the 
Gabriel Valley. East and north of Mount Wilson lies 
(IcH^p cafion through which flows the west fork of the 
(iabriel River, and beyond this rise a constant successio 
mountains, most of them higher than Mount Wilson, w 
extend in a broken mass to the Mojave Desert. The Si 
Madre range forms the northern boundary of the 
(Tubriel Valley, which is further protected toward the 
from the desert by the high peaks of the San Bernard 
raiit^e. 

The view from the summit of Mount Wilson is most ex 
sive, embracing the whole of southern California, and re 
iiig out over the Pacific to islands nearly one hundred n 
distant. Cuyamaca, about 130 miles to the south, not 
from the Mexican boundary, is easily visible. San Bernard 
and San Jacinto |)eaks, the latter 90 miles away, are so 
tinetly seen under normal conditions that a station m 
easily be established on either of them, for experiment 
measuring thi^ velocity of light from Mount Wilson. M( 
San Antonio (10,080 feet), 25 miles away, has already sei 
as a station for certain observations of the solar radial 
sup[)k»m(»nting the work of the Smithsonian Expeditioi 
Mount Wilson (Plate L). 

During a part of the year, particularly from Apri 
August, fog rolls in from the ocean and covers much of 
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round trips were made with this truck for the pur^wt 
carrying the mirrors, lenses, and heavy castings of the S 
and Bruce telescopes, the parts of a 15-H. P. gas enj 
and other heavy machines, as well as the 4-inch pij^e coli 
used in constructing the steel skeleton of the Snow teles 
house. 

During the first two years, it was hoi>ed that a rai 
would be constructed to the summit of the mountain, w 
a hotel had already been erected. When it finally appe 
that this hojH? must be abandoned, we were compelle 
adopt the alternative of widening the New Trail into a wa 
road (Plate LIV). This work, which was done during 
autumn and spring of 1906 and 1907, was considerably 1 
pennl by unprecedented storms in December and Jam 
The snow on the summit of Mount Wilson (Plate LV) 
f\\k^ feet deep on a level, and the torrential rains, belov 
snow line, brought down thousands of tons of earth and i 
from the steep slopes of the mountain. When these difl 
tics had been overcome, the transportation problem wt 
far solved as to permit the structural steel for the buil 
and dome of the ()()-inch reflector to be hauled to 
destination. 

Our systematic tests of the atmospheric condition 
Mount Wilson began in March, 1904. An old log ci 
which had been in a state of partial ruin, was rend 
habitable and occupied until the "Monastery" was < 
ph'tcd, in the following December. Frequent tests ol 
solar definition were made with a 3|-inch refracting 
scope, supplemented by meteorological observations. 

The sj^ecific requirements of a site for an observatoi 
])c devoted to solar research and the study of stellar e^ 
tioii are as follows: 

1. Excellent definition of the solar image, on many 
of the vear. 



MOCKT WiLKO 



2. Excellent cWfinitioiil 
telescopes of large ftjH^itu 
work. 

3. Great trana^jmrencv 
for accurate detenninati 
total heat radiation of tl| 
Earth's atmos[>here), an 
nebulae requiring very k 

4. Continaoui? clear w 
rendering possible dailv 
ena, of which an innH^rftf 
from scattered oliservatio 

5. A low avt^rage wi 
best observing season, U 
telescopes eni[iluyed for [ 

It is easy to see why t 
usually much inferior to 
heating of the earth, €a 
currents of warm air, whi 
above. It has alrt-ady l^i 
produced by irrey'tihir n-f 
this is caused l>y irregida 
through which tin* Hgljt 
tain peak may hav<' sunn 
extensive level area, hi^cail 
follow the mountain side 
turbances in the images 
evident that this effect wi 
tain is ban* anil ro(*ky, ii 
with trees and bushes, 
most of the slopi's of M< 
is much less prunounciM 
mountains. It is nevert 
reason the ])est nbsi'rvatii 




128 Stellar Evolution 



hours after sunrise, and about the same time before si] 
It is true that great depths of atmosphere must be trav< 
by the Sun's rays when it is so near the horizon. Neve 
less, the image on a large number of days in the sui 
sc^ason is wonderfully sharp and distinct, permitting 
finest details of structure to be observed. The conclu 
based upon observations made with the 3J-inch refr 
were afterward confirmed with the large aperture ol 
Snow telescope, leaving no doubt that with respect to 
definition Mount Wilson offers very exceptional advant 

The tests of the night definition, and of the transpai 
of the night sky, were made by Barnard, during the 
of the Hooker Expedition. In chap, v a description 
been given of the Bruce 10-inch photographic teles 
of the Yerkes Observatory, used by Barnard in his sti 
of the Milky Way. In order to extend farther south 
work previously done with an instrument of 6 inches i 
ture on Mount Hamilton, Barnard brought the Bruce 
scope to Mount Wilson and made with it a remarkable s 
of photographs. Mount Wilson (latitude + 34° 13') : 
south of the Yerkes Observatory, and 3° south of the Lick 
servatory. This fact, combined with the great transpar 
of the sky, {permitted Barnard to photograph regions o 
Milky Way which had been out of reach in his earlier v 

The best way of comparing the transparency of the 
at Lake Geneva and Mount Wilson is by taking two pi 
graphs of the same region of the heavens, with the i 
ex[)osure time, on photographic plates of the same sensi 
ness, used with the same telescope, by the same obse 
Siuh a comparison is illustrated in Plate LVI, which r< 
sents the cluster Messier So. The difference in the numh 
stars included on the photograph is a striking illustratic 
the advantages of Mount Wilson. Indeed, if this result 
not confirmed by many others, and regarded by Bar 
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of the Smithsonian Astrophysical Observatory has 
done, the advantages of Mount Wilson are very mi 
Of equal importance for this work is the fact thf 
observations can be made day after day, with practica 
interruption, for a jx^riod of many weeks. In Washii 
during the same period, it might be possible to obtaii 
two or three trustworthy determinations. Thus the n\ 
in which the solar radiation varies can be shown, in tl 
case, by its daily fluctuations, while in the other it mif 
wholly concealed. 

Finally, the average wind velocity in the dry i 
proved to be extraordinarily low, not only for an en 
mountain-peak, but as compared with a station at any 
During the rainy season, when there is much cloudy we 
violent storms, accompanied by high winds, are not u 
mon. But in the dry season an almost dead calm freqi 
prevails at night, and also during the early morning 
observations. In the later hours of the day there is u 
a light breeze. The typical condition on Mount "V 
during the dry season may be described as a perfectly i 
less sky, and so little breeze that the leaves are 1 
stirred by it. 

It would be tedious to discuss the other conditions 
as the heavy growth of foliage, the presence of abu 
springs of water, the neighborhood of large cities, etc., 
contribute toward the advantages of Mount Wilson 
observatory site. The astronomical tests have been des< 
in detail because they illustrate the practical beari 
atmospheric conditions on astronomical observations. 
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simplicity of its construction, the ease of driving it w 
precision as great as in the case of the equatorial refra 
and, above all, the fact that the solar image produced 
does not rotate, had been overlooked. At Turner's su^ 
tion it was employed for eclipse purposes, at first by i 
of the English parties, and subsequently by astronome 
all [)arts of the world. 

However, the conditions under which eclipse observa 
are made are very different from those that obtain in i 
nary solar work. A defect of the coelostat is that the d 
tion of the beam of light reflected horizontally from 
mirror varies with the declination of the Sun. During 
few minutes of a total eclipse the Sun's declination doet 
change appreciably, and the telescope into which the 1 
is reflected by the coelostat stands fixed in position, 
in solar observations continued throughout the year 
direction of the reflected beam is constantly changing 
tli(» Sun moves north or south of the equator. As it w 
be inconvenient to swing the long telescope tube, whi( 
pointed at the coelostat, around through the necessarily 1 
angle, a second mirror must be introduced to receive 
light reflected from the coelostat mirror and send it in 
desinnl direction. About once a week, or sufl[iciently c 
to cause no appreciable loss of sunlight, the second m; 
is moved a short distance, so that it may continue to re( 
all the light of the reflected beam, in the changed ix)s: 
given it by the variation in the Sun's declination. 

Another difficulty of the coelostat, which is commo 
all forms of heliostat, but plays no part in total-ecli^^e ^ 
is tlu* distortion of the mirrors by sunlight. This obsi 
is really the only serious one presented by this fori 
tek'scope. How it has been met at the Solar Observa 
is explained below. 

The Snow telescope, the optical and mechanical pari 
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and serve merely for bringing the sunlight into the telet 
house. The plane of the coelostat mirror is parallel t( 
Earth's axis, and the mirror can be rotated around this 
once in forty -eight hours, by means of a driving-clock, 
exactly counteracts the motion of the beam due to the S 
apparent motion through the heavens. 

From the second mirror the light passes to either o: 
two concave mirrors, each 24 inches in diameter (Plate L 
One of these, which has a focal length of 60 feet, is supp 
on a carriage so that it can be moved (for focusing) f 
the rails cc, which are mounted on the small pier shown 
the middle of Fig. 5. This mirror produces an ii 
of the Sun about G.7 inches in diameter, at a position ii 
sptK'troscope house determined by the angle which the 
cave mirror makes with the incident beam of sunlight 
the mirror stood normal to the beam, the sunlight woul 
reflected directly back upon itself toward the second mi 
If, however, the concave mirror is turned slightly to one 
the solar image can be formed at the end of the pier/, \i 
the 5-foot s|x^ctroheliograph stands. By moving the m 
back toward the north, along the rails on which it slides 
image can be brought to a focus on the pier z, where th( 
and photographic plate of a Littrow spectrograph, of 18 
focal length, are mounted. Again, by rotating the cob 
mirror so as to return the beam in a somewhat diflFerent d 
tion, the solar image can be sent into the constant tem] 
ture room ///, where the holographic apparatus, for stud 
the heat radiation of different parts of the Sun, is mou 
on the massive triangular pier kkk\ 

If a larger solar image is required, the mirror of 60 
focal length is moved out of the way, and the beam fron 
second mirror allowed to pass to a concave mirror of 
feet focal length, mounted on a pier at the extreme r 
end of the telescope house. The image of the Sun is 
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if this condition is not met, the mixture of air of diffei 
temperatures at the open end of the house, through wl 
the beam enters, will cause irregular refraction and coi 
quent disturbance of the image. 

Plate LX shows the pier on which the coelosta 
mounted, at a height of nearly 30 feet above the groi 
Since the parallel rays from the coelostat to the cone 
mirror pass through a closed house, it is not essential that 
part of the building should stand high above the ground. 
is important, however, that disturbances due to heatinj 
the walls, caused by sunlight falling u|X)n them, be obvia 
For this reason all parts of the building, including 
movable shelter, the spectroscopic laboratory, and the 1 
narrow house extending north from the laboratory, have 
innt»r wall and ceiling of canvas, and an outer wall compc 
of canvas louvers, very completely ventilated. The roo 
also ventilated, by wooden louvers at the ridge througl 
the entire length of the movable shelter and the north ex 
sion, and at the peak of the laboratory. Rain and snow 
prevented from entering the roof louvers by means of car 
t^uards, which can be raised or lowered at will. The he 
extending north from the laboratory has a floor of can 
with a space below, through which the air may pass fre 

The louvers surrounding the coelostat pier are inten 
to protect the pier from vibration caused by the wind, 
from heating by the Sun. The steel structure does not to 
the pier at any ix)int, and is therefore made rigid enougl 
support itself in high winds. When not in use, the coelo 
and second mirror are covered by a house on wheels, clc 
at both ends by walls of heavy canvas. These may be opei 
so that when the house is moved to the north the coelo 
stands fully exposed. The movable shelter then fits doi 
at^ainst the south wall of the laboratory, and forms a par 
the tube through which the beam passes. 
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The best photographs taken on Mount Wilson are distir 
8n|)i»rior to the best secured in our work with the Rum 
s[)ectroheli()graph. It must not be supposed that no \ 
can be done with the Snow telescojje except under the 
(litious stated. As a matter of fact, very fair photogn 
can be obtained with the spectroheliograph at almost 
time during a cool day, and in the early morning and 
afternoon hours of a hot day without wind. It is < 
iH'ct^ssary to arrange the daily programme of observation 
that the si)ectroheliograph, which requires the finest de 
tion, is used during the period when the seeing is 1 
Photographic work on the spectra of sun-spots follows, 
after this is completed the conditions are entirely satisfac 
for various other observations, such as bolographic worl 
tht» absorption of the solar atmosphere, etc. Some of 
rt'sults obtained with the Snow telescope will be illustri 
in subsequent chapters. 

From laboratory tests, it appears that the distortioi 
mirrors in sunlight is chiefly due to actual bending of 
glass, the frcmt surface, expanded by the heat, becon 
convex and the rear surface concave. Radiation from 
eltH'tric heating coil, placed a short distance behind a mir 
restores its figure, but not i>erfectly. A much better wa 
lieating the back of a mirror is by reflecting sunlight u 
it. Perhaps the best plan, however, is merely to incn 
the thickness of the glass mirrors (p. 235). 
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mercury, in three tanks formed by subdivisions in the 
casting. Wooden floats extend from the lower surfa 
the iron platform into these tanks, reducing to a mini 
the amount of mercury (about 560 pounds) required t< 
hold the instrument. The motion of this platform wit 
spect to the fixed solar image and photographic plate is 
(luced by either one of two screws of different pitch, d 
by an electric motor arranged to give a jx^rfectly uni 
speed. 

The collimator slit, on which the solar image is foi 
is shown on the right of Plate LXI. On account of the 
siz(» of the solar image, which is about 6.7 inches in dian 
tlu* slit is 8A inches long. After passing through th( 
the light falls upon a large coUimating lens 8 inches in c 
eter, which renders the rays parallel. They then rrn 
silvered glass mirror, from which they are reflected to tin 
prisms, of 63A° angle. After being dispersed by the pi 
th(» rays strike the 8-inch camera lens, which forms an ii 
of th(> sp(?ctrum on the camera slit (shown near the cent 
Plate LXI). The optical train thus resembles that o: 
Knmford si)ectroheliograph, but the lenses and prismi 
so much larger that no light is lost from the circumfei 
of the solar image. 

On account of the great curvature of the spectral 
produced by such prisms, it would be necessary to empl 
hitj^hly curved camera slit, in case an ordinary straigh' 
wen* used to admit the light from the Sun. In this t 
the resulting photograph would be greatly distorted, bee 
points lying along a straight line on the Sun would af 
along a curved line in the photographs. Thus the in 
instead of being circular, would be shaped somewhat 
an apple, greatly flattened on one side. By dividing 
curvature evenly between the two slits the distortio 
eliminated and the photograph is made circular. 
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(on 112 consecutive days in the summer of 1907), ant 
infrequently during the rainy season, the instrument 
yields a large number of plates, suitable for the compar 
study of the floc'culi. 

Photographs of the prominences are also made daily, ' 
circumstances permit. These are used to determine 
clianges in number and total area of the prominences di 
tlie Sun-spot i^eriod. 

In the establishment of an observatory much remai 
be done after successful photographs of astronomical 
nouiena hav(? been obtained. Indeed, although the wo 
organization must be far advanced before photographs 
be secured, the most important steps are still to be ti 
For an astronomical photograph, while it may yield i 
new information from casual examination, is to be rega 
as a document of great value, worthy of prolonged in^ 
gat ion. Every photograph of the Sun, for example, n 
scTits its changing phenomena as they were at the mo 
of tht» (exposure, under conditions which will never be ex 
reptmted. The best methods of obtaining from photogr 
all the knowledge they are capable of conveying are 1 
arrivi^d at only after the fullest consideration of the j: 
l)iliti(»s. 

Iti chap, xi the most striking characteristics of the 
<nli have b(H»n explained and illustrated. We must 
coTisidcT how thest^ objects may be systematically studie 
such a way as to contribute to our knowledge of the 
constitution. The most obvious peculiarity of the floe 
apart from th(»ir change in form, is their motion acrosi 
Sun's disk. This is due to the solar rotation, which 
first disc()V(»red through the daily motion of sun-spots, 
is n'uiarkable that the* si)ots do not move as they wo\] 
they W(»re fixed to the surface of a solid sphere. Spo 
different latitudes move with different angular velocities 
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the year — about 26^° each side of zero. It is thus ev 
that in determining the latitude and longitude of a sp< 
ordinary methods of measurement considerable calcul 
will be required. The process employed at Greenwic] 
the direct i)hotographs of the Sun obtained there, is to i 
ure the distance of the spot from the center, and the i 
between the Sun's axis and the line joining the spot 
the center of the disk. As the inclination of the Sun's 
is known for every day in the year, it then becomes pof 
to calculate the latitude and longitude of the spot. 

This method is" very satisfactory when a comparat 
small number of objects are to be measured on each ] 
which is the case with sun-spots. But the flocculi a 
numerous, and ofiPer so many points suitable for mea 
ment, that the calculations required for each spectrol 
graph plate would be very extensive. In seeking to 
some simple method of abridging these calculatior 
appeared that the solar photograph might be proj< 
upon the surface of a globe ruled with meridians 
parallels V apart. The axis of the globe being set a 
inclination corresponding to the date of the photograj 
should then be ]:x)ssible to read off the latitude and long 
(Urt»ctly, by estimating the position, in tenths of a de 
of the tlocculus in question, with reference to the ne 
meridian and parallel (Plate LXIX). As the longitu( 
the center of the Sun's disk is tabulated for each day ii 
year, no calculations would be necessary, except to ad 
subtract this longitude in the case of each of the read 

This method proved so satisfactory, when used ai 
Yerkes Observatory in measuring the Kenwood photogn 
that it was afterward adopted, in perfected form, in 
Computing Division of the Solar Observatory. The 
globe-measuring machine, or "heliomicrometer," is i 
t rated in Plate LXX. Two 4-inch telescopes, shown ii 
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lice. It has been found that the latitudes and longi 
thus read off directly, are as accurate as when deter: 
by measuring the plate in an ordinary measuring-nu 
and performing the necessary calculations. Since the 
urements can be be made quite as rapidly on the he 
crometer as on the other machine, all the time requi; 
make the calculations is saved. Thus one observe 
measure a great number of flocculi, and the services o 
eral computers are rendered unnecessary. 

A discussion of the measurements made in this way 
that the flocculi follow a law of rotation similar to that 
governs the spots and faculae. It will require some ti 
learn whether the velocities of the flocculi diflFer appro 
from those of the spots. It appears probable, however, 
results thus far obtained, that the flocculi move with 
the same velocity as the faculae. This would be a n 
result, since, as already explained, the va|)ors of the fl 
probably rise from the faculae, and lie immediately 
them. 

The importance of providing for the closest possibl 
relation between all of the investigations of the Solar ( 
vatory has already been mentioned. For this reason s 
of the solar rotation should be made with reference to 
solar work. The motions of individual flocculi freqi 
differ considerably from the average motions of the flocc 
the same latitude. Such differences, in many instance 
doubtless similar to those observed in the case of sun- 
where they are related to the spot's activity, which 
greatly during the course of its development. Howeve 
daily motion of a flocculus may also depend upon its 1 
above the i)hotosphere, and this may vary from day tc 
It thus becomes desirable to learn whether differences 
height of flocculi can be detected and actually meai 
For example, do the hydrogen flocculi lie at an average 
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be displaced in this way, by an amount representing a 
of some 1,500 miles above the corresponding calcium c 
It will therefore be interesting to determine at some 
time* whether the rotational velocity of the hydrogen f 
differs appreciably from that of the calcium flocculi. 

An important step in the interpretation of spectr< 
graph plates will be made when it can be ascertained w 
anomalous dispersion plays any part in producing th 
nomeua recorded by them. Our present views as 
nature of Sun-spots, prominences, and other solar phen 
are based on the assumption that their light reaches us 
nearly straight lines. If the pressure in the region tl 
which the rays pass is low, this may be essentially ti 
white light. But we know that light of about the 
wave-length as that of an absorption line in the specti 
bent far out of a straight path when it passes throu| 
vapor to whose absorption the line is due. The 
quences of this fact have led Julius to develop a ne\ 
theory, based on the supposition that all metallic va] 
any given distance from the Sun's center are com] 
mixed, but not of uniform density throughout. Undei 
circumstances the chromosphere, prominences, and £ 
would not exist as we see them, but such appearances 
be caused by anomalous dispersion of light passii 
through the vapors from the interior of the Sun. A 
of investigations, involving solar, stellar, and laboratorj 
is being carried out on Mount Wilson for the purp 
testing this theory. 

The rotation periods of sun-spots may depend ujx)] 
level, and this raises the old question as to the ix)sil 
tliese objects with respect to the photosphere. Acc< 
t(^ the common view sun-s|X)ts are saucer-shaped cavi 
th(* photosphere. This idea is based upon the obsen 

1 This result must be checked on photographs taken simultaneously. 
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photograph of equal intensity, it is desirable to deereas 
intensity of the photospheric light by a dark glass, placec 
the slit, but so arranged as not to reduce the light froi 
sun-spot. In this way the si)ot and photospheric light c 
compared from day to day, by means of photometric i 
urenients. The same method can be employed to me 
the level of the flocculi. Such work is now in progress i 
Solar Observatory, in conjunction with the other invef 
tioiis already mentioned. Since the level of a spot 
affect its temperature, and therefore its spectrum, an att 
will be made to correlate this work, not only with deteri 
tions of the spot's motion, but also with the spectros 
observations described in chap. xvii. 

These few examples may suflSce to give an idea o 
character of the work done with the spectroheliograph c 
Snow telescope. The vertical motion of the calcium ^ 
in the flocculi; the manner in which it flows horizor 
over sun-spots ; the relationship, in point of developmei 
flocculi to spots; and other similar matters, are also sti 
systematically. It may also be added that the area o 
flocculi is measured on each day's plates, since it serves 
index to the Sun's activity, which may prove important 
considered in its bearing on possible variations of the 
radiation and their effect on terrestrial phenomena. 
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elements at the high temperature assumed to be chan 
istic of periods of greatest solar activity. Some of his 
])apers favor the view that sun-spots* {X)sse8s a lower 
perature than would thus be indicated, and he may thei 
have decided to abandon the conclusions based on his e 
spectroscopic observations. 

In spite of these results, and of all the theories i 
attribute high temperature to sun-spots, the more cor 
opinion has been that they are regions of reduced tem 
lure. This view has been based partly upon their deer 
brightness, as compared with the photosphere, and ] 
upon the presence in their spectra of certain bands \^ 
though unidentified, were supposed to represent moU 
that cannot exist at the high temperature of the Sun. j 
rate knowledge of these bands, however, was almost en 
lacking, on account of their faintness and the extreme 
culty of observing them visually. 

It seemed probable that progress in this departme 
solar research might be expected to result from the su< 
ful application of photography to the study of spot sp< 
Experiments made with this object in view at the Ken 
Observatory showed some of the principal widened 
but failed to give the details needed for satisfactory 
These results were surpassed by photographs made by Y 
with the 23-inch Princeton refractor, but here also the 
of more powerful instrumental means seemed to be appt 
The Kenwood experiments were continued with the 40 
Yerkes telescope, and some of the ''band lines," first obs< 
visually by Maunder, were photographed, in addition to i 
of the widened lines. However, there was reason to b( 
that much better results could be obtained with the aic 
long-focus grating si)ectrograph, capable of photogra{ 

> Because of the i^reat strength of the titanium lines in Arcturu8. 
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excluded from the spectrograph except that which comes 
the umbra. This is done by covering all of the slit ej 
a small portion at the center. The dispersion of the se 
or third order of the grating is usually employed. After 
exposure has been completed, the center of the slit is co\ 
and light from the photosphere admitted on each side. 
gives a narrow photograph of the spot spectrum bet' 
two strips of solar si>ectra (Fig. 1, Plate LXXIV). 

Casual examination of the spot spectra thus record 
sufficient to show that the problem of interpreting the 
not a simple one. If we consider, for example, the lin< 
some single element represented in the spot, we find that 
are not all affected alike. Some are greatly strengthe 
or perhaps attended by broad, faint wings. The former € 
is so very pronounced, in certain cases, that lines wl 
invisible in the solar spectrum are among the most coi 
euous of the &iK>t lines. Some of the solar lines, on the 
trnry, are greatly weakened, or entirely absent in the 
spectrum. Finally, there are many spot lines of uncha 
intensity. Examples of most of these phenomena are i 
trated in Plates LXXIV and LXXVI. 

In order to interpret such results, it is necessary to 
recourse to lalx)ratory experiments. It might be supp 
that the required knowledge of terrestrial spectra woul 
available in the literature of spectroscopy. This, how 
is not the case. It is true that the lines in the sj)ect 
most of the elements have been measured, and many ex 
ments have been made on the changes in spectra prod 
\)\ varying the conditions under which the vapors emit 
radiations. It usually happens, however, when one atte 
to apply j)ublished results to the interpretation of 
phenomena, that the data required for the solution ol 
particular problem in hand are lacking. Pressure, 
example, is known to displace spectral lines toward the 
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plan the apparatus must be always ready, needing onlj 
turiiing-on of an electric current, or the adjustment 
mirror, to bring it into action. It is not so much a quet 
of the saving of time, which the provision of these m 
undoubtedly offers, as it is of the greatly increased eflBci 
of tlie working programme thus rendered possible, 
immediate imitation in the laboratory, under experim< 
conditions subject to easy trial, of solar and stellar 
nomena, not only tends to clear up obscure points, but 
pares the way for the development along logical line 
tln^ train of reasoning started by the astronomical v 
Questions are constantly arising which, if partially or wl 
answered by suitable laboratory experiments, may mc 
in an important way the daily programme of astronoE 
observations. 

The arrangement of the apparatus in the spectrosc 
laboratory of the Yerkes Observatory has already 
described (p. 107). At the Solar Observatory an impr 
plan has been adopted. Instead of a circular wooden ti 
an annular concrete pier is employed, giving space on 
inner wall for the various swit(jhes used to control the 
rent supplied to the different sources, and also permil 
the observer to inspect any light-source from the direc 
of the plane mirror at the center of the pier. Instead 
sin<(le plane mirror, two are provided, capable of rota 
indei)endently of one another about the same vertical 
When the Littrow spectrograph is used to photograph 
spectrum <^f any of the light-sources, only the lower p 
mirror is in action. By setting this at the proper ai 
li<^ht from any source on the annular pier can be sei 
a concave mirror (seen near the middle of Plate LXJ 
which forms an image on the slit of the Littrow spe< 
^raph. If low dispersion, rather than high dispersioi 
required, a one-prism quartz spectrograph is used. Ag 
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to one another that we should expect them always to be 
alike when observed in the Sun or stars. 

In the illustration a mercury tube is suspended bet 
the poles of the magnet and connected by heavy pret 
tubing with a duplex vacuum pump, by which the pref 
of the mercury vapor, illuminated by the discharge c 
induction coil, can be reduced as desired. The cm 
required for the magnet is supplied from a large stc 
lottery in an adjoining building. This battery is the ] 
cipal source of current for most of the apparatus on 
annular pier; an alternating current, required for ce 
ex])eriments, is obtained from a generator in the power-h< 

It would be tedious to describe in detail all of the a 
ratus. It includes arrangements for studying the s 
siH*ctra of metals in air and in liquids; arc spectra in j 
at high or low pressure; flame spectra, for which a Bu 
burner and an oxyhydrogen blow-pipe are required ; vac 
tube spectra; etc. A small electric furnace permits the 
noniena of anomalous dispersion to be observed in the vc 
of sodium and other metals which melt at low temperat 
The auxiliary apparatus includes a special pump capab 
compressing gas€*s up to pressures of three thousand po 
to the square inch; an induction coil, giving a Ifi- 
spark; X-ray apparatus for the study of the effect of X- 
on the radiation of gases and vapors; a small heliosta 
supply sunlight; etc. All of the work on the solar ir 
is clone in the Snow telescope house, but sunlight is 
(jnently required in the laboratory, to give a solar sped 
for c(mi])arison with the laboratory spectra. 

Let us now return to the problem of explaining 
strengthening and weakening of the solar lines in sun- 
s[)e(tra. As already remarked, there was reason to sue 
that reduced temperature might be the eflFective caufi 
those changes. Accordingly, the spectrum of iron 
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changes can have any influence upon them. Thus 
results so far obtained would not be accepted as proof 
the spot vapors are at a lower temperature than the c< 
spending vapors in the Sun's reversing layer. It remf 
to be seen whether simple reduction of temperature, u 
conditions which excluded any possible influence of elect 
etfects, would be competent to change the relative intern 
of the lines in the same way as passage from the core t< 
fianie of the arc had done. 

The simplest way of testing this was to inclose the r 
in question within a carbon or graphite tube (chosen bee 
of its power to withstand very high temperatures), ar 
heat this tube by a powerful electric arc playing on its < 
walls. Under these conditions, since the vapors are 
observed within the electric arc, but are separated froa 
tin me of the arc by the walls of the carbon tube, it sh 
be possible to determine the effect of change of temper? 
on the relative intensities of the lines. 

As the dynamo on Mount Wilson was not adequal 
supply the electric power (50 kilowatts) desired for 
work, the furnace was erected in the Pasadena labon 
of the Solar Observatory. As in an electric furnace 
by Moissan, the arc was produced between two large ca 
poles, in a box with carbon walls, surrounded by a large 
of niagnesite, inclosed in a sheet-iron case. Running Ic 
tudinally through the carbon box, and between the pol 
the arc, a carbon tube containing the metal was placed. 
tube extended out through the walls of the furnace, so 
light from the hot vapors seen through its open end c 
be focused on the slit of a Littrow spectrograph of 18 
focal length (similar to the one used with the Snow teles 
in photographing six)t s{>ectra). 

With this furnace it did not prove to be possibl 
vaporize titanium and vanadium, but the test was mad< 
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with some of the metals present. Titanium oxide, in 
alar, is capable of resisting a very high temperature, 
would immediately dissociate an oxide of iron. Is the 
evidence, then, that titanium oxide exists in sun-spots 

Thanks to the excellent photographs of si)ot sped 
tained with the aid of the Snow telescoj>e, this quee 
easily answered. Titanium oxide gives a very charac' 
Jluicd spectrum, consisting of bands in which the nui 
lines lie closer and closer together until they termii 
definite ^^ heads." Fig. 2, Plate LXXIV, shows s( 
these titanium oxide flutings in the extreme red end 
s])ectrum, as photographed (on specially sensitized ] 
in the outer flame of the electric arc. The photogi 
a ticijdfive; i. e., the lines which are bright in the i 
shown dark, to facilitate comparison with the darl 
in the photograph of the spot spectrum, shown just 
the titanium oxide spectrum. It will be seen at a 
that each of the heads of the fluting is represen 
the spot, and that a great number of the fine lines 
make up the fluting also agree in ]:)osition with corre 
ing spot lines. The spot spectrum contains man; 
not represented in the arc, which are due to subf 
other than titanium oxide. The arc spectrum also cc 
a few lines due to impurities, which are not present 
spot. Nevertheless, the general agreement is so |)erfe 
the presence of the titanium oxide bands in spot « 
cannot be doubted. Several other bands belonging 
same substance are also represented in our photogra 
spot spectra. 

The identification of these bands by Adams wouk 
to leave no doubt as to the reduced temperature of tl: 
vapors. The objection might be made, it is true, tha 
(juestion exists as to whether these bands are actually 
the oxide, since there is some reason to suppose that til 
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notice. Beside each strip of the spot spectrum the iioi 
solar spectrum is given for comparison (Plate LXXVI) 
The information derived, as explained above, from g 
and laboratory investigations applies not only to the I 
If, by cooling in some degree the vapors lying with 
limited area on the solar surface, the sj)ectrum is char 
in the manner illustrated in sun-sjx)ts, it should follow 
if the entire Sun, or a star like the Sun, were cooled in 
same degree, its spectrum would resemble that of a sun-g 
Our ideas of stellar evolution are based on the belief 
stars exist in all stages of development and diifering gre 
in temperature. If our inference be correct, we should 1 
among the stars which have passed by continued coo 
bt^yond the solar stage, some in whose sjH^ctra spot 1 
ai)ix^ar. The next chapter explains how this test has 1 
ai)plied. 
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spectra cannot be seen, on account of the faintness of 
light. In the second place, the unsteadiness of the im 
due to atmospheric disturbances, causes the extremely nai 
spectrum to flicker so seriously as to prevent any ref 
work. This flickering, however, has no effect upon the pli 
graphic plate, which merely sums up all of the ligl 
receives during the exposure. Moreover, by prolonging 
exposure, a spectrum too faint to be seen can be reco: 
photographically. In all modern work of precision, tli 
fore, photographs of stellar spectra are substituted for vi 
observations. 

But the photographic plate has a granular structure, 
to the fact that it is made up of silver grains, which ca 
separately distinguished with a microscope. On accoui 
this granular structure of the plate the details of the in 
are imperfectly recorded, so that no advantage results i 
the use of high jx)wers when examining the plate. H 
visual image could be well seen at the spectroscope 
increase of magnification (attained by the use of a suit 
eye-piece) would separate all lines within the resolving p< 
of the prisms or grating. On the photographic plate, 1 
ev(^r, the images of these lines may lie so close together 
they api)ear as one, and cannot be separated by magnifica 
What is needed, in order to realize photographically the 
resolving power of the prisms or grating employed, is a s 
troscope of such length that the closest lines that coub 
distinguished visually are so far separated as to be indep 
ently recorded, in spite of the eflfect of the silver grains. 

The [jowerful grating spectrograph used by Rowlan 
his study of the solar spectrum has a focal length of 21 
Photographs made with a si)ectrograph of this size e 
nearly all the lines that can be separately distinguishe 
visual observations with the same instrument. Obvious 
would be out of the question to attach such a spectrogr 
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box contniniiig water. An extremely delicate thermostat, < 
Bisting of a bulb containing saturated ether vapor imme 
in the water, caused a column of mecury to make or b: 
an electric circuit if the temperature of the water varies 
much as a hundredth of a degree. When the temi)erature 
])y this amount, a relay turned on the current of two in 
descent lamps immersed in the liquid. The heating prodi 
by the lamps raised the temperature, and the current 
Wnm automatically cut oflF. The water was constantly sti 
by small propellers driven by an electric motor. In this 
the grating, which is, of course, the most sensitive part of 
apparatus, was kept at an almost perfectly constant temp 
turi' throughout the exposure. 

A ret ur us, on account of its yellowish color and the cha 
ter of its spectrum, has long been considered to represe 
stage of stellar development somewhat advanced beyond 
of the Sun. As its spectral lines show its chemical c 
l>osition to be practically the same as that of the Su 
reduction in temperature, due to cooling continued bej 
the solar stage, should, on the hypothesis developed in 
hist chapter, cause its spectrum to resemble that of a i 
si)()t. Accordingly, the spectrum of Arcturtis was ph 
grai)hed with the Snow telescope and the grating si)ec 
graph. 

Because of the great dispersion, an exjxDSure of five he 
which was all that could be given on a single night, 
entin»ly insufficient. In fact, an exposure continued for 
nitj^hts in succession, and aggregating twenty-three he 
was recjuired. During all this time it was essential that 
temperature of the grating remain practically constant, 
that none of the parts of the spectrograph be displacec 
any cause. For this reason the observer did not enter 
coiistant-temj^erature room after the exposure was stai 
but merely brought the star to the slit of the spectrogi 
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of the imperfections of the Arcturus photograph, mar 
tht* lines are shown with less contrast than they would 
t^xhibit in a really good negative. However, the illustrc 
slionkl be sufficient to indicate the important bearing of 
s])ectra on the question of stellar temperatures. 

The earliest classification of stellar spectra was thi 
Secchi, who distinguished four principal types: I, sp< 
of white and bluish- white stars, like Sir i us, which coi 
broad and strong hydrogen and calcium lines, and but 
lines, narrow and comparatively faint, of other elements 
sjuxtra of yellowish-white stars, like the Sun; III, 8p< 
of red stars, containing a very characteristic series of bt 
not identifieil by Secchi; IV, spectra of another class oi 
stars, containing the strongly marked bands of carbon. 
bfinds in the spectra of stars of Secchi's third type 
tinally identified by Fowler, who showed that they are 
to titanium oxide. In view of the presence of these j 
])ands in sj)ot s|:)ectra (Fig. 2, Plate LXXIV), it hea 
interesting to inquire whether the lines in stellar spect 
this type also resemble those in sun-spots. 

Tlie brilliant red star BeteUjeuze (a Orioms) which 
scnts so striking a contrast with the bluish star Rige 
the constellation of Orion, is a good representative oi 
third type. It was accordingly selected to test the ques 
A dense flint glass prism belonging to the 5-foot spectroh 
grapli was substituted for the grating in the large st 
spectrograph of the Snow telescope, and the thermostat 
modified so as to control the temperature of the air surro 
ing the prism. In this way the spectrum of a Orionis 
pliotographed by Adams, with a total exposure of seven I 
on two consecutive nights. The work was done during 
rainy season, and clouds, followed by continuous bad wea 
cut short the exposure on the second night, and preventer 
observations from being continued. The plate, while 
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lieat received by his teleseo{)e mirror from the full Moon c 
he detected. Yet the brightest stars produced no ce 
(effect. As the result of this work, Boys was convinced 
no star sends us as much heat as would be received fr 
candle at a distance of 1.7 miles, if there were no at 
pheric absorption. 

The subject of stellar heat was investigated by E 
Nichols at the Yerkes Observatory, in 1898 and 1900. 
radiometer employed as the heat-measuring apparatus 
sisted of two circular vanes of mica, each about one-tw 
of an inch in diameter, attached to the opposite ends 
delicate cross-arm of drawn glass, cemented to a whip of 
drawn glass about one and one-quarter inches long. T( 
lower end of this system a minute mirror, made by silve 
a fragment of very thin microscope cover-glass, was attac 
and the whole was suspended by a very fine quartz fib( 
a vacuum chamber. This radiometer was mounted on a 
in the coelostat room of the Yerkes Observatory. A coel 
reflected the starlight to a 24:-inch mirror of 8 feet i 
length, which concentrated the stellar rays u\x)ii one of 
vanes, after entering the radiometer case through a wii 
of fluorite, which is very transparent to heat radiations, 
observing a scale reflected in the small mirror attache 
tlie radiometer suspension, the deflection of the vane, w 
indicated the heating effect of the stellar rays, coulc 
measured. In this way it was found that Arcturus send 
about as muc^h heat as would be received from a candh 
miles away, if there were no absorption in the atmospl 
rr//a has less than half the thermal intensity of Arcfur 
The extraordinary sensitiveness of the apparatus emph 
may be illustrated by some observations of a candle 2 
ftH^t from the observatory. Heat from this candle, v 
concentrated on the radiometer vane of the 24-inch mil 
gave a deflection of about sixty-two scale divisions. On 
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we hav^ here just such a court Hiou of things as we obser 
the setting 8nri, which apjj^ars red siiiiply In^cause the \ 
rays are more highly abe4>rbud l>y our atmriephere thai 
rt^d rays. It et^ems to be true that the older and cooler 
have denser atmospheres than the younger and hotter i 
It is thus probable that the stars whose spectra con tail 
greater projK)rtion of red light actually are cooler than I 
in which the yiolet light is relatively stronger. Bui 
fact remains that we are not warranted in basing deterc 
tions of stellar teoiperatures on measurements whic 
obviously depend upon the effect of atmospheres of uuki 
density. We will return to this question of stellar tem] 
tures in a further consideration of the classification of 
(chap, xx)* 
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observed phenomena. Nor must we overlook his re 
that the hyix)thesis was presented "with the distrust i 
sliould be inspired by everything that is not the resi 
observation or calculation." The widespread and favc 
intiuence exerted by the hypothesis on the intellectue 
of the nineteenth century cannot be destroyed by r 
developments. In the same way, the beneficial effe 
Darwin's work on organic evolution would remain, e\ 
the hyi>othesis of natural selection were forced from its 
by that of mutation. 

As the original statement of the nebular hypothe; 
not easily accessible to every reader, it seems desiral 
include here a free translation of Note VII, at the e: 
Laplace's Exposition du sysi^me du monde. A few 
trraphs, dealing with more technical details, are omittec 
all of the essential features are retained. 

In seeking to trace the cause of the original motions ( 
planetary systems, the following five phenomena, enumerat 
the last chapter (of Laplace's book), are available: the motic 
till' planets in the same direction and nearly in the same plan< 
motions of the satellites in the same dii*ection as the planets 
motions of rotation of these different bodies and of the Sun i 
sjime direction as their orbital motions, and in but slightly difl 
planes; the small eccentricity of the orbits of planets and sate 
iinally, the great eccentricity of comets' orbits, as though 
inclination had been left to chance. 

So far as I am aware, Buffon is the only one who has endear 
since th(^ discovery of the true system of the world, to trac 
origin of the planets and their satellites. He supposes t 
comet, falling upon the Sun, drove from it a torrent of m 
which reunittni at a distance in sevend globes, varying in 8iz< 
ill distance from the Sun; these globes, having become opaqu 
solid by cooling, are the planets and their satellites. 

Laplace then goes on to show that, although this hy] 
t^sis might account for the first of the five phenol 
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bodies had penetrated deeply into this atmosphere, its resi 
would have caused them to fall upon the Sun. We may thi 
j(M^*ture that the planets were formed at its successive limits, 
condensation of zones of vapors which the Sun, in cooling 
have almiidoned in the plane of its equator. 

Let us n^call the results given in a preceding chapter 
atmosphere of the Sim could not have extended out indefi 
Its limit was the point where the centrifugjil force, due 
motion of rotation, balanced the attraction of gravitation. !^ 
c(xiling contracted the atmosphere and condensed at the sur 
tli(^ Sim the molecules lying near it, the motion of rotation a 
ated. For, from the law of areas, the sum of the areas dej: 
by the radius vector of each molecule of the Sun and of its 
phere, when projecttni on the plane of its equator, lx»ing ; 
th(* same, th(^ rotation must be more rapid when these mo! 
approach the center of the Sun. The c<»ntrifugal force due 
motion thus l^ecoming greater, the point where it equals the ' 
is n(^arer the Sun. If we then adopt the natural suppK)sitio 
the atmosphere extended, at some period, to an extreme li 
must have left behind, in cooling, the molecules situated j 
limit and at the successive limits produced by the ac<?elera1 
the Sun's rotation. These al)andoned mok*cules must hai; 
tiniK'd to revolve aroimd the Sun, since their centrifugal for 
balanced by their weight. But since this equilibrium d 
obtain in tlu> case of the atmospheric molecules in higher lat 
their weight caused them to approach the atmosphere as i 
(lensed, and they did not cease to belong to it until this i 
brought them to thc» etjuator. 

Let us now consider the zones of vap)or successively left b 
To all appearances these zones should form, by their conder 
and the mutual attraction of their molecules, various con< 
rings of vapor revolving aroimd the Sun. The mutual fric 
the molecuh^ of each ring should have accelerated son: 
retarded oth(»rs, until they had all acquired the same a: 
velcx'ity. Thus the linear velocities of the molecules farthes 
the center of the Sun must have l>een the grt^test. The foil 
cause would also contribute toward the production of this diff 
of velocity. The molecules farthest from the Sun, which, tl: 
the efft'cts of cooling and condensation, came together to foi 
outer part of the ring, always described art^is proportional 
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hypothesis, and would be inexplicable without it. These 
seem to me ever-present proofs of the original extensi< 
Saturn 8 atmosphere and of its successive retreats. Thu 
singular phenomena of the slight eccentricity of the orbits i 
planets and satellites, the small inclination of these orbits i 
solar equator, the identity in direction of the motions of ro 
and revolution of all these bodies with that of the solar rot 
flow from our hypothesis and give it great probability. 

If the solar system had been formed with perfect regu 
the orbits of the bodies which compose it would have been i 
whose planes, like those of the various equators and rings, 
liav(» coincided with the plane of the solar equator. But it n 
conceived that the endless varieties which must have existed 
temperature and density of the various parts of these great n 
produced the eccentricity of their orbits and the deviation of 
motions from the plane of this equator. 

In our h vpothesis, comets are strangers to the planetary s] 
1 n considering them, as we have done, to be small nebulae wj 
ing from system to system, and formed by the condensat 
nebular matter distributcKi with such profusion throughoi 
universe, we perceive that, when they arrive in the regi 
space where the solar attraction is preilominant, it forces 
to describe elliptical and hyperbolic orbits. But their m 
Innng equally possible in all directions, they must move indiffe 
in all directions and at all inclinations to the ecliptic ; whic! 
agreement with observation. Thus the condensation of n< 
matter, by which we have just explained the motions of ro 
and nnolution of the planets and satellites in the same din 
and in phuies differing but slightly, also explains why the m 
of comets do not agn^e with this general law. 

Laplace, after discussing the great eccentricity of co 
orbits, as bearing on the nebular hypothesis, continu 

follows: 

If certain comets entered the atmospheres of the Sui 
planets during the formative period they must have fallen 
th(»se bodies, after pursuing spiral paths. The result of the 
would be to cause the planes of the orbits and the equators 
planets to deviate from the solar equator. 
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outer edge traveling faster than the inner one. This w 
have involved forward rotation of the planets, as now obsei 
But such a condition of things could not have occurred - 
rings, split asunder by the forces acting upon them, ] 
have followed Kepler's laws, which would require the i 
(»dge to move the faster. The rings of Saturn, held u 
Laplace as a striking illustration of his views, were st 
by Maxwell in 1859 to be comixjsed of small bodies 
meteorites. This was the result of a mathematical dei 
stration that the rings, if solid, would fly to pieces. It 
confirmed by Keeler, in 1895, by one of the most beau 
applications of the spectroscope ever made. Accordin 
Doppler's principle, the position of a line in the sped 
of a moving body depends upon the velocity of the 
tioii. This is true, even when the light is reflected : 
the surface of the moving body, after being received j 
the Sun. If the inner edge of Saturji^s ring is mo 
faster than the outer edge, the lines in the spectrum oi 
ring should be increasingly bent toward the violet (or 
approaching side of the planet) or toward the red 
tlu^ receding side), in passing from the outer toward 
inner edge. Keeler's photograph of Saturn'^ s sped 
shows this to be the case. Thus we have certain proof 
S(if urn's rings are made up of meteorites, each moving ai 
velocity a satellite would have at the same distance fron 
planet. 

In spite of these and kindred objections, the nel 
hypothesis, at least in its general outlines, retained its t 
nianding |)osition until subjected to a searching test i 
tuted by Chamberlin and Moulton. The principal argun 
brought together in Moulton's paj)er, entitled "An AtU 
to Test the Nebular Hypothesis by an Appeal to the La> 
Dynamics,'" and in the discussion of the question in Vol 

1 AHtrophyaical Journal, Vol. XI (IHOO), p. 103. 
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retarded the rotation of Mars, without affecting the satel 
motion. But Moulton points out that the inner edg 
S((f urn's ring completes a revolution in about half the 
of S(if urn's rotation period. At this great distance 
the Sun, the very small tides could not have retarded 
fi(»iently the rotation period of Saturn, unless they 
been oj)erating several thousand times as long as the Ma 
tides. An attempt to ascribe the effect to the satellit 
S((furn proves equally futile. 

Moulton next endeavors to answer the question whc 
the suj)|)osed initial conditions could have developed int< 
existing system. We know that the molecules of a gai 
moving about at velocities which increase with the temj 
ture. Near the surface of the original Laplacian nebuh 
velocities of the molecules, in the case of such light eleu 
as hydrogen, would be so great that the molecules w 
overcome the {)ower of gravitation and be dispersed in S] 
It would, therefore, be difficult to account for the abun 
supplies of this gas now observed on the Sun. A stro 
objection is afforded through the application of these | 
(•i[)les to the planets. It is easy to calculate, through 
known velocities of gaseous molecules and the masses ol 
planets, the i)ower of each planet to retain an atmospl 
1 1 is also possible to determine with the si)ectroscope wht 
atmospheres exist on the planets. Working in this 
Moulton shows the improbability that the diffuse Earth -5 
ring, with its low power of attraction, could have held ar 
the atmos[)heric gases or water vapor, when such concenti 
bodies as tlie Moon and Mercury are unable at the pre 
time to hold atmospheres. 

As we know the masses of the Sun and planets, 
average density of the original nebula, when it extende 
the orbit of Xrptunr, can be approximately calculi 
Moulton finds this to be about ^^i o « o\> o o o » ir ^^ ^^^^^ ^^ ^' 
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The papers of Chamberlin and Moulton contain o 
serious criticisms based upon the study of the momeii 
nioiiientum of the system, and raise various additional diff 
ties. Thus the attenuated state of the rock-forming substa 
of the Earth in the Earth-Moon ring would probably 1 
resulted in their condensation into solid particles. Agaii 
nebulae closely resembling the annulated solar nebula 1 
yet been discovered. Without going further into details, 
without necessarily admitting the finality of all the al 
arguments, it can hardly be denied that Laplace's idea ol 
development of the solar system must be reconstructe< 
abandoned. It remains to be seen what can be substit 
for it. Two attempts in this direction will be described 
later chapter. 
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The mystery of the planetary nebulae still remains 
solved, but evidence is lacking that they represent a r 
advanced state than such irregular cloud masses as 
Great Nebula in Orion, Indeed, it must be admitted 
the accumulation of observations, principally through 
aid of photography, has rendered the problem of neb 
development more complex than it appeared to Sir Wil 
HtTschel. Thousands of nebulae, entirely unknown to 1 
have been brought to our knowledge through improvem 
ill teles(!0|)e design and the aid of the sensitive plate. T 
range in character from immense luminous tracts, sucl 
are shown, intermingled with stars, in photographs of 
Milky Way, to the definite outlines and highly sugges 
structure of the spiral nebulae. Of all objects in the hea^ 
these latter most strongly suggest the oj^x^ration of s 
process of development. But not a single object of this i 
was known to Herschel, and even to this day their enorn 
distance from the Earth has prevented the detection of 
changes in form, which might point to the explanatioi 
their origin.' 

If we follow Herschel, and consider the simplest cas 
nebular development, we may suppose that through los 
heat by radiation a portion of a nebulous mass begin 
condense toward a center. Although still wholly gase 
and showing few points of difference from an ordinary nel 
we may regard such an object as representing the first pe 
in the life of a star. In the heart of the Orion nebula, I 
XX I, are four small stars, which constitute the well-kn 
Ti'dpczinni. Situated as they are in this enormous r 
of gas, it is not difficult to picture them as centers of < 
densation, toward which the play of gravitational fo 
tends to concentrate the gases of the nebula. It m 
therefore be expected that stars in this early stage of grc 

1 See chap. zxi. 
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and made to follow its apparent motion by a driving-c 
Under these conditions, each star-image in the field o; 
telescoi)e is drawn out into a spectrum, which falls up 
[)h()tographic plate at the focus. If the rate of the dri^ 
clock were perfect, each of these spectra would be extrei 
narrow, and the *' lines" which cross it might not be 
ct*ptible. To give the spectra the necessary width, 
prism is set with its refracting edge parallel to the dii 
motion, so that the s|)ectra would drift on the photogra 
phite, if the telescojje were at rest, in a direction at i 
angles to their length. In making the photographs, the 
of the driving-clock is slightly altered, so that the dri 
the spectra during the exposure is just sufficient to give \ 
tht» desired width. Without this drift, each "line" w 
be merely a point in the spectrum. Plate LXXIX illust 
how admirably the spectra of the various stars in the 
are recorded, and brings before us evidence of the sj:^ 
diversity which is supposed to characterize the diflF( 
stages of stellar growth. 

As already indicated (chap, xviii), the spectra of 
increase in complexity as the cooling process continues. 
i^aseous nebulae contain a few bright lines in their spe 
tht^ most conspicuous one of which belongs to a gas (''n 
lum"' ) not yet discovered on the Earth. The other net 
lines an* due to hydrogen and helium. Those stars ol 
''Or/o// type'' which apjwar to be earliest in order of d 
(»pnicnt contain no lines except those of hydrogen and hel 
which are faint and very broad and diflFuse. As these ^ 
arc found in the gaseous nebulae, and as the relation 
of these stars to surrounding nebulous matter is othei 
ap[>arent, there is every reason to believe that they repre 
the earliest phase of stellar life. The stars of the Tnipez 
which have already been mentioned as organically relate 
the Great Nebula of Orion, are of this type. ^^ Orion'''' s 
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When this point is reached, radiation must take p 
mainly from the surface of the star. This would resul 
very rapid surface cooling, were it not for convection 
rents, which rise from the interior and supply the heat 
by radiation. In the Sun we have strong evidence of 
existence of such currents, which are represented by 
bright filaments that constitute the granulated sur 
(chap, xi), and by the minute flocculi illustrated in I 
XXXIX. The darker spaces (|)ores) between the granulat 
probably represent the cooler descending vapors. The de 
vapors, which perhaps occupy these darker regions, appare 
\w below the general photospheric level, for it has rece 
been found at Mount Wilson that the spectrum of the S 
disk, at points very near the limb, differs decidedly from 
spectrum at the center. The hazy wings, which may be i 
on either side of many lines photographed at the Sun's < 
t(^r, and are still more conspicuous in sun-spots, are gre 
reduced in intensity at the limb (Plate LXXXII). [ 
would seem to indicate that at the center of the Sun we 
looking down into the regions between the granulations, 
level where the vapor is dense enough to produce the win 
lines. Near the edge of the Sun, on the contrary, we ] 
across the toi>s of the bright filaments, and therefore fai 
receive light from the denser vapors below. The absorp 
of the higher and cooler va]:)or8 should produce a change in 
relative intensities of the lines such as takes place in i 
spots (p. 159), but in much smaller degree. Observa 
sliows this to be the case, but there is by no means a si 
parallel between the two classes of phenomena, and ji: 
ment must be reserved for the present. One of the i 
steps will bo to photograph the spectrum of a |X)re, i 
minute an object can be separately observed. The in 
tigation, when completely worked out, should furnis 
searching criterion as to the validity of the hypothesii 
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to their temperature was applied by Lockyer mauy ; 
ago. He found that the '"enhanced lines,'' which 
brightest in the spark ape^rtrum of a metal, exist a lot 
eerLain stars. In other words, the are lines of the 
metal^ which are strong at the lower tennjeratnre of the 
and feeble or absent in the spark, are so much rednec 
intensity in tbese stars as to be entirely invisible. 

LoL^kyer'a contention that these changes of relative ii 
sity afford a mode of classifying Btellar spectra on a ten 
ftture basis was denied by many si>ectroscopists^ be cam 
the possibility that such changes migbt be produced in 
by different electrical conditions rather than by differs 
of temperatnrei The results obtained in our laborj 
imitation of Bnn-8|KJt [iheuomena, however, seem to 
the view that a teni|>erature classification of stars, or 
basis of the relative intensities of liues, is perfectly 
sible. For in these expi*riments it was shown 
when all electrical phenomena are excluded, a decreai 
temperature of the radiating vapors is accompanied b 
increase in intensity of the Hues that are strengtheue 
sun-spots and in red stars. Since the spark lines are M 
ened under the same conditions, and since conclusive 
deuce of comparatively low temperature is atforded by 
presence in these spectra of flutings due to substances w 
are broken up at the higher temperature of the 8un 
temperature hypothesis may perha{)9 be taken as afford! 
simjile basis of classification. This statemeut is not i 
without some reservations, however, as indicated by 
remarks at the end of this chapter, and by the discui 
of Lockyer's meteoritic hypothesis in chap. xxL More 
since this classification takes no account of the possible I 
of mass and environment on spectral type, it is hardly 1 
to prove adequate. ■ 

Let us now consider the phenomena of declining ! 
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The extensive investigations of Vogel and Dun6r, 
visually, have given us much information regarding 
s[)ectra of the red stars. However, the fourtli-type stai 
so faint that only the bands in their spectra could be 
with the telescoi)es used by these investigators, and 
numerous dark lines were l>eyond observation. The 
lit^ht-grasi)ing power of the Yerkes telescope rende 
j)hotographic study of these spectra possible, with the n 
shown in Plates LXXXIII, LXXXIV, and LXXXV. ^ 
the fourth-type stars are ranged in a series, the gr 
change of spectrum from star to star is well illustrated (F 
Plate LXXXIII). The carbon flutings become stronge 
stnjiiger, until in a star like 152 Schjellerup they are so i 
that they cut out a considerable iX)rtion of the light. I 
Sun, the Yerkes telescope shows the existence of a verj 
hiyer of carbon vapor, lying in close contact with the p 
sphere. In the fourth-ty[>e stars we may supiwse tha 
further process of condensation results in an incr 
development of carbon vapor, the absorption of which bee 
the characteristic feature of the spectrum. 

Another important point brought out by this investig 
is the close relationship existing between the line sped 
third- and fourth-type stars. As will be seen by an e; 
nation of Plate LXXXV, the line spectra of fi Gemin 
and 74 SchjuUerup seem to be almost precisely identi* 
certain regions. The presence of titanium oxide ban 
th(* one case, and the carbon flutings in the other, co 
cate tli(» comparison of the line s[)ectra in other rec 
though much is yet to be learned on this subject thi 
further study of these stars with S]:)ectrographs of the hi 
dis[)ersion. 

In view of the resemblance of the line si>ectra, it is 
cult to understand the diversity of the band spectra i 
two great classes of red stars. Among third-type sta 
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the lines of the com]:>o8ite 8ix?ctrum will appear double, 
ill each orbital revolution of the pair. If only one si 
l)right enough to give a 8|)ectrum, its lines will simply ^ 
late to and fro. 

Hitherto we have tacitly assumed, in harmony with 
rent views, that all stars are built on a single model, and 
each passes through the same stages of develo[)ment i 
transition from the nebular condition to the solid state 
should be j)ointed out here, however, that many cireumsti 
warn us against implicit acceptance of such a law of 
formity. The assumption that a given ty[)e of spec 
represents a given stage of growth involves the idea tha 
chemical composition of all stars is essentially the same 
that the i)articular |x:)sition of the star in the universe 
other conditions which may obtain in individual cases 
matters of no importance. While it is true that we 
strong reasons forl)elief in the universal distribution of 
of the chemical elements known on the Earth, and the 
versal o[)eration of the law of gravitation, and of all ( 
laws which define terrestrial conditions, the assumption 
identically the same course is [mrsued by every st< 
passing from its origin to its final decay is entirel} 
warranted. We must be prepared to meet widely di 
conditions and to observe modifications in the proce 
development which are determined directly by such 
ditions. 

Take the case of the Pleiades, for example (] 
LXXXVI). Here we have a group of stars entangk 
nel)ulosity, and moving together through the hea 
Every indication goes to show that this is an organic gi 
whos(» members are of common origin. But the spect 
[)ra(-tically all of these stars, irres[x?ctive of size and br 
ness, are of Secchi's first type. How are we to believe 
widely different masses will pass through their evolut 
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In describing the process of condensation, Schuster p< 
out that the expansion caused by the rising tem[)eratui 
the gaseous bodies must at first result in the rejeetioi 
helium, hydrogen, and other light gases, on the supposi 
that the gravitation is not suflSeient to retain them. T 
light gases will thus be left to constitute diffuse nebn 
masses, as illustrated by the gaseous nebulae, particul 
l)y the nebulous regions in such a group as the Pleia 
Tu the [)roce88 of time, however, the star will have conde: 
sutiiciently to retain hydrogen and helium, and these g 
will then l)egin to diffuse into the interior, where they 
be absorl)ed at a rate which depends upon the star's n 
Helium, which is denser than hydrogen, will be reta 
first, thus giving rise to the helium, or Orioti, stars. As 
gas diffuses inward, its place will be taken by hydro, 
which will thus become predominant in the si^ectrum. 
its turn, the hydrogen will diffuse into the star, and 
iiicnmsing convection currents will cause a more and r 
e()ni[)lete stirring-up of the low-lying metallic vapors, w 
will thert^fore play an increasingly prominent part in 
s[)ectrum. Thus the solar stage will ultimately be reac 

An interesting i)oint in this explanation is the consi 
able possibility of variation which stars of different mass 
in different environments may exhibit. If but little liydrc 
ha[)[)ens to be in the neighborhood, the process of cou' 
sat ion may not result in the attraction of a suflSc 
quantity of this gas to produce the hydrogen type of s 
trum. Again, the star may be of such low density that 
unable to attract hydrogen, and thus it may pass into 
solar stage without exhibiting strong hydrogen lines. T 
may also be stars of such small mass that, in spite of ha 
condensed sufficiently to attract hydrogen, they are not 
to al)sorb it all, and therefore they may continue to exl 
a sp(»ctrum of the first tyi>e without ever passing into 
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data bearing ii|x>n the problem of the geometrical stuc 
of the universe ami the distribution of struts withii 
Through the impraetieabiHty of securing all necessarj 
for fltars distributed over the entire heavens, Kapleyn 
selected certain limited areas of the fikj% so distributed t 
render it [vrobable that conclusions ba&ed ujKjn a com] 
study of the stars within these areas will be likely to a 
to the heavens at large. The application of the 6(*- 
reflector to the photography of stellar s]>ectra by the at 
mentioned proet*as will therefore be confined, for the 1 
part, to Kapteyn's areas, where many other observers 
already gathering information^ in accordance with a 
wliieh allots to each institution the work for which its ini 
nieiits are iiest adapted. For Kapteyn'S purjiosee, only 
general type of 8j>ectrum is required, since he is primi 
concerned with questions of distribution and structure, ra 
than those which relate to the evolution of stars. The dat 
desires include determinatiana of the brightness, distn 
and motions of the stars within the selected areas. The 
inch reflector, on account of its gi'eat Hght-gathering jkj 
can assist materially in those (portions of this work w 
relate to the faintest stars. The investigation of the mot 
of tliese stars in the line of sight is net^essary from the 
lutional standpoint, because community of motion may u 
organic relationship of stars in a group, as in the caa 
the Pleiades, Photometric iavestigations and the stud 
parallaxes are also required, since, when the distance 
brightness of a star arc known, its mass can Lie determi 
if certain reasonable assumptionB as to the surface brillif 
are made. W© have just seen how imj>tirtant a facttir 
mass of a star may l>e iu determining the course oi 
evolution. f 

Enough has been said to indicate the tiatui^ of the v 
which large telescopes may perform. The direct photogra 
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CHAPTER XXI 
THE METEORITIC AND PLANETESIMAL HY'POTHEIS 

In oven the briefest outline of the methods of stuc 
stellar (»vohition, reference must be made to two hy]:x)t 
which are intended by their authors to take the place o 
nebular hypothesis of Laplace. In both of these, sw 
of meteorites, rather than matter in the gaseous state 
snpjK)sed to afford the raw material of which stellar syg 
are comi)ounded. The nature of the swarms, howev< 
11 n 1 ike in the two cases. According to Lockyer, the metec 
ar(^ to b(* regarded as analogous to the wandering i 
{'ul(*s of gases, in that they move indiscriminately in all c 
lions and at widely different velocities. Sir George Dc 
has, indeed, demonstrated mathematically that a mete< 
swarm, constituted in this way, is closely analogous 
i^as. Tlu^ meteorites move rajndly about, colliding witl 
another from time to time, just as the molecules of a ga 
supposed to do, according to the kinetic theory. Chamh 
and Moulton, on the contrary, assume their meteorites 
revolving in well-defined orl)its, and therefore suffering 
such collisi(ms as may result from certain meteorites < 
taking others of lower velocity.* 

The most characteristic nebular line is a brilliant o: 
the gre(Mi part of the spectrum, attributed to an unki 
«(as, wliicli has been called '*nebulum." Accordin 
Lockyer, this line is the remnant of a complicated fli 
in the s])ectrum of magnesium oxide, with the brig 
pfirt of which he found it exactly to coincide. In his 

1 In his oxplanation of fflobular and Bpiral nebulae, and of certain other c< 
I>h<>uoTtiona. Lockyer also assumes the meteorites to revolve iu well-defined oi 
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derived by Loc-kyer from meteorites therefore det>eiKlfi 
the presence of hydrogen in both cases. But hydrog 
so universally distributed ainon^ the celestial bodies thj 
absence from nebulae would almost he regarded aa an a 
aly requiring explanation. It therefore cannot be said 
much weight is to be accorded to the expt^rimental bai 
the meteor i tic hypothesis. 

It ought to be said, in favor of the hypothesis, th 
provides a simple way of accounting for the existem 
the nebulae of substances not represented in their spi 
but which apjjear in stars evolved from nebulae, 
nebula is to be regarded as a glowing gas, in whie 
substances contained in stars exist in a state of v: 
it remains to be shown why a very few gases mai 
their presence by the appearance of their bright lini 
the spectrum, whereas all the other elements produc 
lines, and therefore give no indication of their exist 
In this connection it must not Ije forgotten that in 
tures of various va|>ors the s[>ectra of some of the vi 
RplM^^ar when an electric discharge is passed through 
mixture, whih^ the lines due to certain other vapors re 
invisible. Too little has been done, however, in thie 
port ant tie Id of research, to permit final cone his ions t 
drawn* For this reason no one is at present able to m 
what form the iron, nickel, and other metals, which 
sequently make their appearance in the stars, can exi 
(lie nebulae. 

This question is, indeed, but one of the many myst 
which at (i resent surroimd the nebulae (Plates LXX2 
XC), We have no knowledge, for example, why they 
with a steady and unchanging light, since there is no d 
evidence that tliib light is produced i-ither by heat o 
electric-al excitation. It must not be forgotten that veri 
nebulae are certainly known to lie gaseous: thcjusam 
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eat foil, still involving a rise of temperature, would pro 
stars analogous to the Sun, but ditfering in tlitr imjx)i 
[vftrticular that, while their tem[>**rature is iiiereaBiug, 
uf the Sun is sup|>0S6d to be decreasing* Finally, at 
|x>int of maximum temfjerature, Loekyer places stai 
Seech i^s first ty|)e* Here the meteorites, long since i 
pletely transformetl into the gaseous state, have reached 
condition implied by Lane's law, at which the rise in si 
ficial tem|>erature, due to continued condensation, is 
balanced by the loss resulting from radiation. The decli 
period, then setting in, results in the development of 
like the Sun, which t-an be only arbitrarily distiuguiBhed 
stars of equal, but rising, temperature, lying on the opp 
branch of the temi>eratnre curve. After the solar stars ( 
the red stars of Secchi's fourth type, and after these, 
extinction of light 

This system of classitication, considered apart from 
hy|K)t.heseB with which it is connected, has the advauta| 
providing for both the ascending and descending bran 
of the temperature cui^ve. Unfortunately, we are j>erhai* 
yet in a [Kjsition to distinguish clearly Ijetween stars ol 
Rame surface temperature, in one of which the gain of 
is more rapid than the loss, while in the other the re^ 
is true. As already remarked, the assumption that the 
stara of Secchi^s third tyj)e lie not far above the nebulae in 
a difficult one to admit. But the classitication neverth 
ibserve^ careful consideration, and the most searching 
that can be apjJied. 

Ab the late Miss Clerke has well said, the complex s^ 
ture of meteorites suggests a highly developed, rather tha 
elementary, condition of existence. This, however, is \u 
to be taken m an objection to Lockyer's hypothesia, s 
the manner in which the meteoritic swarms came into e 
ence is not postulated. The plane tesimal hypothesis, howi 
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depths, where the heavier elements are found. This 
[joBsibly t^xplain the lightness of the outer planets of uur 
system, and the g^reat relative weight of the inner ones, 
ehniiging attraction of the neighboring star might also ^ 
a series of irregular outbursts, aeciiunting for the knotty 
uneven distribution of the matter in the i^pirals (Plate 
Chamber liu j)oint3 out that a very small fraetiun of the 1 
mass, not exceeding 1 or 2 per cent, , would b*? amply snffi 
t<> supply all of the matter required to form a plan 
system like our own. 

In the further evolution of the system, the central 
is aupj>nsed to form the sun, the knots to serve as the l 
aiM)ut which the planetary materials gather, antl the rei 
ing diffuse nebulous matter to be swept up by the nuc 
absorbed by the sun. The building-up of the plauets i 
sup[X)secI to take place, as in the nebular hypjthesis, si 
through the gravitational attraction of the planetary t 
on the matter surrounding them. On the contrary, the 
agency is assumed to be a gradual accretion of the 
through collisions of isolated planetesinials (meteoi 
resulting from the intersection of the individual o 
brought about periotlically through the rotation of thei: 
of af^ides, Thus it is held, according to this hy|X)tl 
that the Earth was never a molten mass, but that it was 
up by gradual accretions. Chamberlin was led to this 
of the condition of the Earth's interior from various 
logical considerations, which seem ti> him inconsistent 
the hyjKithesis of a Huid origin. 

If this book were a treatise on stellar evolution, 
these questions would require much fuller discussior 
criticism, and sf^ace would necessarily be devoted U 
remarkable [phenomena of variable and tem|)orary stari 
tidal investigations of Darwin and their possible bearii 
the ©volution of double-star systemsj and many other su! 
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CHAPTER XXII 
DOES THE SOLAR HEAT VARY ? 

One does not often stop to think of the delicate ba 
that determines the conditions of life on the Earth. I 
is obvious enough that a small change in the intensity < 
solar radiation would suffice to transform the climate ( 
tt'Hiperate zones to that of the equatorial or polar rej 
A t^n^ater change might soon result in the complete def 
lion of life. 

It is therefore a matter of the most vital inter€ 
inquire into the source and constancy of the Sun's 
Wliat fuel maintains the great tire that warms and ligh 
and sup[)lies, through its beneficent influence on grc 
crops, the food that we consume? Is the average 
influx of solar rays constant and unchangeable, and a 
justified in our tacit belief in the inexhaustibility c 
supply? Such thoughts, seriously pondered by studei 
solar [>hy8ics, have led to extensive investigations, ^ 
must go on for many years before these questions ci 
finally answered. 

As we have already seen, the contraction of a neh 
mass to form a star, or a sun like our own, must res 
tlir li])erati<m of much heat. Indeed, the total solar ] 
lion in the course of a year can be accounted for on the 
l)osition that the Sun's diameter decreases about 250 f 
this time. Since the discovery of radium, which posi 
tli<» remarkable proi)erty of sending out heat, with littl 
(hMK-e of exhaustion, for very long periods of time, 
been su*jfg(»sted that this substance, if it exists in the 
may b(^ the source of part of its radiation. Radium \u 
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may be expt^cted to help matters, but much will dei)eiid 
the appliances used to measure the solar radiation, ai 
determine the amount of heat lost by absorption in 
Earth's atmosphere. 

The most elaborate study of this question yet ma 
(lii(» to the late Secretary Langley, of the Smithsonian ] 
tut ion. He long ago recognized that the chief difficul 
the problem lies in the constantly varying absorption o 
air above us. If measures of the solar radiation coul 
made from a point outside of our atmosphere, any obs( 
fluctuations would be due to the Sun itself. But nea 
level of the sea the diflSciilties are very great. 

To diminish them, Langley led an expedition to M 
Wliitney in California. Here, at an elevation of over le 
feet, the denser and more variable half of the atmosphc 
left below. The precision of the measures was thus gr 
increased, but the expedition was not able to remain 
enough to determine whether the so-called "solar const 
of radiation is actually a constant, or undergoes chang 
an irregular or a periodic character. 

Langley strongly felt the imi)ortance of continuing 
work with the greatly improved apparatus develoj)ei 
Al)bot and othere at the Smiths(mian Astrophysical O 
vatory in Washington. He therefore recommended the 
(^irn(»gie Institution make provision for further resea; 
of this nature at a mountain station. When the Solar 
servatory was established, a co-o|x»rative arrangement 
the Smithsonian Institution was accordingly entered 
and measures of the solar constant were made daily by A 
on Mount Wilson during the summers of 1905 and 19C 

The apparatus used in this work is most ingenious, 
inilependent oi)erations are carried on simultaneously: 
direct measurement of the solar radiation with some foi 
pyrheliometer; and the determination of the atmosp 
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ism that moves the spectrum across the bolometer ca 
this plate to travel slowly downward. Thus the deflect 
of the needle are photographically registered upon the p 
With the aid of such curves the total atmospheric absorpi 
measured separately for each region of the spectrun 
accurately determined. The reduced pyrheliometer readi 
( ornH'tod in this way for absorption, give the value of 
solar constant. 

With such highly develo{)ed instruments the systeir 
study of the solar radiation was pursued in Washington. 
the best days, which came none too often, the refinemei 
the method permitted the atmospheric absorption to be el 
nated, even at this station so near the level of the sea. 
was soon found that the values of the "solar constant" ' 
not constant, but variable. Indeed, differences as grea 
10 i)er cent, of the whole were encountered. Was it sai 
coiiehide that the solar radiation undergoes variations of 
considerable amount? 

On Mount W^ilson the escape from the denser air of 
valley, the purity of the upper sky, and the constant sue 
sioii of [)erfectly clear days, permitted the question t< 
put to the test. Day after day the Sun was followed thrc 
the heavens, from a time soon after it rose above the eas 
mountains to its culmination near the zenith. Someti 
the work was continued through the afternoon, but the m 
lu^ observations proved to be sufficient. 

As soon as the curves had been measured and redu 
and the pyrheliometer observations plotted, the full ad 
ta<^^e8 of the mountain station appeared. Not only was 
precision of the work much greater than before: even i 
important was the fact that daily observations, continuec 
many weeks, brought the exact nature of the phenomenc 
lit^^lit. Through the latter part of the month of July, 1 
tlu* value of the solar constant increased slightly from 
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But the work is barely started, and must he continuec 
many years under the best conditions. Simultaneous ol 
vat ions at several widely separated mountain stations 
<j^reatly to be desired, to make certain that local change 
our own atmosphere are in no wise concerned in the appa 
solar changes. Moreover, the work should go on witl 
tlie interruptions caused by the rainy season. If, for exan 
a l)olographic outfit were established at the Solar Observa 
at Kodaikanal, in south India, at an elevation of 7,000 
tli(^ dry season there would correspond with the rainy se; 
in southern California. An Australian station might 
accomplish very imi>ortant results. It is to be hoped 
adequate provision may soon be made to carry out this 
p(jrtant work. 

But, it may be asked, must not such fluctuations of 
solar radiation, if real, be the cause of marked change 
terrestrial temjKirature, easily detected and obvious in t 
( fft^ets? Abbot believes that the thermometric record 
actually reflect these solar variations, but Newcomb holdg 
contrary view. It is evident that complex meteoroloj 
phenomena may be involved, and that their disentanglei 
may require long-continued research. For this reason 
studies of the solar radiation undertaken by the Inte 
tional Union for Co-o|)eration in Solar Research, the 
operation in meteorological work set on foot by the t: 
Commission, and the laboi-s of such an institution as 
observatory recently established on Mount Weather, 
t^inia, by the United States Weather Bureau, should p 
of value. In the exhaustive study of so important a prol 
till* cordial co-operation of many investigators is essentii 
success. 
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annealed and was supposed to be suitable for its pur 
During the process of grinding it flew to pieces, on ace 
of internal strain, the serious nature of which had not 
recognized in the test with polarized light. 

It may not be obvious why the disk must be so t 
when its solo purpose is to support the thin film of e 
on its accurately figured face. Great thickness, how 
is absolutely essential, to diminish the effects of ben 
due to the weight of the glass and to temperature chai 
The thickness of a mirror should not be less than 
eighth or one-seventh of the diameter. Even with 
thickness a special supiK)rt system is necessary to pre 
tlexure. 

Glass is chosen in preference to other materials for 
scope mirrors because of its uniformity of structure, 
parative ease of working, and capacity for a high pc 
Its lightness, when compared with such substances as sj 
luni metal (formerly employed for telescope mirrors 
an important advantage. Furthermore, a surface of 
silver, tirst used by Foucault, reflects a much larger pre 
tion of light than polished speculum metal. 

The grinding-machine, designed and constructed 
Kitchey for his work on the OO-inch mirror, is show 
Plate XCII. The glass disk rests on a heavy cast-iron I 
table, carried by a vertical steel shaft. Between the 1 
surface of the glass (ground flat) and the turn-table are 
thicknesses of Brussels cari>et, which form an admii 
support (luring the grinding and polishing process. 
edge of the glass is ground true by means of a ra| 
rotating iron face-plate, held against the disk while the t 
table is slowly rotated. The cutting material is powd 
carborundum, carried down between the glass and the 1 
])late by a slow stream of water. After the edge-grin 
is completed, the two faces of the glass are ground [ 
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ruiuluin wliicli has remained in suspension for i)eriods i 
one hundred and twenty minutes, or even longer, is prep 
These very fine grinding materials are used to give 
smooth and almost polished surface obtained after the g 
iiit^ with coarser carborundum is completed. 

A perfectly true Brown & Sharpe steel straight-ed, 
used to determine whether the surface of the glass is ap] 
imately plane. When it is found to be sufficiently s« 
the preliminary work, the fine grinding is commei 
beginning with two-minute carborundum and contir 
with finer grades. In this work the iron grinding-t( 
counter-poised by placing weights on a lever arm 
iiected by a shaft with the tool. The pressure is red 
from one-third pound to the square inch for the five- or 
minute carborundum, to about one-twelfth pound per sc 
inch for the one-hundred-and-twenty- and two-hundred 
forty-minute carborundum. Unless this precaution is t 
there is great danger of scratching the glass. 

After l)eing fine ground, the back of the mirr< 
polished with rouge in the manner described later, 
^rcat pains are taken with this surface, although it is i 
very nearly plane, and is then |)olished so as to permit si 
in^ (Plate XCIV). It is desirable to silver the back c 
mirror, as well as the front, in order to prevent tem[)er 
clianges from affecting the two surfaces in unequal de 

The front surface, after it has been given a plane fi; 
is ready to be made concave. For this purpose a cc 
iron tool, of suitable curvature, is employed. In the ca 
the OO-inch mirror the radius of curvature is 50 feet, 
curvature of the tool, and also of the glass, is tested 
time to time by a s[)herometer. This consists of a tr 
with a micrometer screw at its center, which j^ermitj 
deviation of the surface from a plane to be accurately d 
mined. After the desired curvature has been secured 
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polishin*^ is in progress. The windows are double and 
fully sealed, outer air being admitted to the room throi 
cheese-cloth filter. The temj)erature is maintained com 
within two or three degrees, by means of a hot- water fur 
controlled by a thermostat. The motor, driving-shaft 
a[)j)aratus for varying the speed of the grinding-mac 
an* carefully inclosed, only the slow-moving belt eominj 
into the room. No one is permitted to enter the room e: 
the optician, who wears a surgeon's gown and cap. 
observing such precautions the work may be continuei 
months without producing even microscopic scratches ii 
»^Hass surface. 

We may now assume that the glass has been polii 
afttT receiving an approximately spherical surface. It 
>)ccomes m^cessary to ai)ply a more accurate test thai 
sphcrometer [)ermits. For this purpose the glass is tu 
into a nearly vertical position, where it is supported by a 
c(l<jfc-band (Plate XCV). An artificial star, consistir 
a hole about 3 J ,r ^^ ^^ ^^^'^ in diameter illuminated I 
acetylene lamp or other brilliant source of light, is plac 
tlic (tenter of curvature, 50 feet from the glass surface. 
li^^ht from the articifial star then falls upon the disk a 
rt^Hccted back so as to form an image close beside the 
hole. If the surface is i)erfectly spherical, it will ap 
wlirn examined by the eye placed at this iK)int, to be 
liantly and uniformly illuminated. With an eye-piece 
iinat^e of the pin-hole will then be perfectly sharp, sho 
tlie most minute details or irregularities of the hole itse 

It is much more probable, however, that the surface 
liave many zonal errors. To detect and interpret these 
•knife-edge test," due to Foucault, is employed. If al 
zones come to a focus at the same [>oint, and a knife ed 
moved across this point, wliile looking at the glass, the 
will be cut off instantly from all parts of the disk. If, 
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would corregpoud to a change of ^ J ^ of an inch iu 
radius of curvature. 

When parallel light is availabk*, thf difficulties of gt 
iJig a ] perfectly satisfactory test of a [mrabnUMdiil niirroi 
great] 3' reduced. In this case the mirror, when seen 
its focal plane (25 feet from the glass, or one-half 
radius of curvature) ajijieara like a uniformly itlumir 
plane surface when a {lerfeetly paraboloidal form has 
obtained. This method fif testing with parallel light 
been develo[>ed by Riteltey, antl was used by him to sc 
the last degree of perfection iu the figure of the 60- 
mirror. 

As already esiikined, the problem of mounting a 
mirror is quite aw serious as that of figuring It. It is m 
sary, in the first place, to support the mirror in such a 
that it will retain its form, without l>ending* in any pofi 
of the telescoiM?, Furthermore, it must be held so th 
will not slip laterally, sinee the slightest change in the ] 
tion of the mirror with resi^ect to the tube will cause a 
placement of tlit^ star im«g(*s on the photographic f 
The mirror, thus HupiK>rteil, most be carried at the I 
end of a tube, of skeleton construction^ o{)en at the top, 
BO mounted that it can be jioiuted toward any part of 
heavens auil made to follow the apparent motion of 
stars by rotation ahKnjt an axis parallel to tlii- axin of 
Earth, Stnjngth and stability of the mounting, free 
from fiexun% perfefrtioii of optical and m(^e]iani<*al eoiisl 
tiun ami adjustment, and the greatest precision of drivin 
all these conrlitions must be met before a large reflector 
be expe<*ted to give satisfactory results, in tlie more exac 
departmi*Mts of pbotogrnplne work. 

The difficulties thus presentetl Imve been m«»st succea^l 
84^*1 ved by Rifchey* whose design for the mounting of 
tji)-inch mirror ia shown in Plate XCVI. The teles<*cj ~ 
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substituted for it. This carries a byperboloidal m 
which returns tbe rays toward the center of the large n 
and caaseB them to converge less rapidly. They then 
a small plane mirror, 3up{}orted at the middle of the 
near its lower end» which sends them to one of the folic 
instruments, mounted in the focal plane; (1) a double 
plate-h older T carrying a Bensitive plate, for the photogi 
of the Moon, planets, bright nebulae, etc*, with an equi\ 
focal length of 100 feet (Fig, 3) ; (2) a spectrograph nioi 
in place of this photographic plate, in which case a a 
mirror of different curvature is employed, and the equh 
focal length is 80 feet {Fig, 4) ; or finally {*^) a third c( 
mirror may be used and the plane mirror inclined so 
form the star image (after sending the light dawn thi 
the hollow polar axis) on the slit of a f>owerful 8[)ectrog 
of 13 feet focal length, mounted on a pier in a com 
temperature chamber (Fig. 2). In this ease the equi% 
focal length is 150 feet. 

The teiesco[ie is moved in right ascension or declia 
by electric motors, controlled from the floor of the obser 
room. The driving-clock moves the teleBco|K> in right s 
sion by means of a worm-gear, 10 feet in diameter, ce 
by the jK>lar axis. Tbe cutting of the teeth of this v 
gear is a mechanical operation reijuiring the highest prei 
of workmanship. Each tooth was spaced off by meani 
tinely divided circle attached to the ixslar axis, and read 
a microBco{3e. The rotating cuttt^r was driven by an eh 
motor. After all the teeth ha<l been cut^ the wtjrm and v 
gear were ground together for many hours, until all f 
residual errors had been eliminated. The operation 
completed with jewelers* rouge » which leaves a s moot I 
highly poliBhed surface. 

All of the heavy parts of this mounting were made. 
Ritchey's designs, by the Union Iron Works Compat: 
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CHAPTER XXIV 
SOME POSSIBILITIES OF NEW INSTRUMENTS 

In looking toward the future and endeavoring to im£ 
what appliances will be employed by the astronomer o 
next generation, the line of least resistance is to conside 
l)ossibilities of improving existing telescopes and the a 
iary apparatus employed with them; for the previsic 
more radical departures is beyond our province. It ie 
to predict that the equatorial refractor, of which the 
and Yerkes telescopes are types, will hold an impo 
place in observatories for many years to come. The 
witli which such instruments can be pointed toward any 
of the heavens; the absence of reflecting surfaces; the 
manence of object-glasses, as contrasted with the nece 
of silvering mirrors from time to time; the convenient 
tion of the observer at the lower end of the tube, rather 
at the upper end of a Newtonian reflector: these and ( 
considerations point to the long-continued use of the star 
refractor. In its most i)erfect form this instrument is 
capable of some improvements, the most important of y 
will be the introduction of truly achromatic object-gh 
ca[)able of uniting the rays of all colors at the same f 

It seems probable that the uses of the equatorial refr 
will be confined more and more to visual observations 
to certain departments of photography, especially 
involving great precision of measurement or the incl 
of large fields on a single plate. For the latter worl 
ri'fracting telescope, particularly in the portrait-lens i 
pcjssesses great advantages, on account of the very lii 
tick! of the reflector. It does not at present appear c 
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front surfaces, the tendency to distortion could be overc 
For a very thick mirror would resist the bending vi 
results from the expansion of the front surface; and ev 
the figure were changed, the com i>ensa ting eflfect prod 
])y heating the rear surface should restore it. But the 5i 
tt4escope is fully occupied with its present work, for yt 
it is well adapted. Accordingly, a new type of fixed 
scope has been devised for the puri)ose of supplementing 
Snow telescope, particularly in photographic work invol 
long exposures. 

In the new instrument the coelostat, provided with 
rors a foot thick, will be mounted at the summit of a 
tower 65 feet in height (Fig. 7). From the second m 
the sunlight will be sent vertically downward to a 12- 
object-glass, mounted a short distance below it. This ot 
glass, of 60 feet focal length, will form an image of the 
near the ground level. The new instrument will thus co 
essentially of a fixed refracting telescope, pointing dir 
to the zenith and receiving light from a coelostat and se 
mirror. 

The spectroscopic laboratory at the base of the tower 
be (excavated in the earth, to insure constancy of temperi 
and great stability of the instruments it will contain. 
tln^se, the one shown on the left in Fig. 7' is a Lit 
spectrograph, similar to the one employed with the t 
telesco|)e, but of much greater power. This instrument 
have a focal length of 30 feet, and be provided with a 1 
|)lane grating. On the right is shown a spectroheliogra] 
'M ) fet»t focal length, designed for extending the monochror 
photography of the Sun to many of the finer lines ol 
s[)ectruni (p. 236). The atmospheric calm that prevai 

1 This Ih only a general diagram, omitting aU details, such as the steel ho 
tho hasp of the tower, which covers the upper ends of the spectroscope and 8] 
iM'lio^^raph ; tlie small electric elevator, to convey the observer from the hot 
tin* utulerground laboratory to the summit of the tower, etc. 
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FIG. 7 
Vertical Coelostat TvloBcope 
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should, of course, be so high as to permit the theore 
resolving power to be attained. In view of Micheh 
recent work in ruling 8-inch and 10-inch gratings, 
rt»alization of his plan for the construction of a mac 
eai)able of making gratings of much larger size is i 
earnestly to be desired than that of any other project 
tlie development of spectroscopy. 

Still another important need of the si)ectroscopif 
homogeneous glass, in large masses, for prisms. At 
present time it is almost impossible to obtain prism 
laru^e size that will give good definition. The repe 
failures of the best makers of optical glass indicate thai 
problem is not an easy one, though it can probablj 
solved. A careful study of this question, made with sp 
reference to the possibility of improving the present metj 
of annealing, should yield valuable results. Large pr 
are urgently required for use in stellar spectrographs of 1 
a|)erture and high disjHirsion, such as the one which is t 
mounted in a constant-temperature chamber in conjunc 
witii the ()0-inch reflector. However, if sufliciently 1 
and perfect gratings can be obtained, which conceni 
nearly all of the light in a single spectrum, they ma 
Ix^tter for this purpose than prisms. 

In the further development of solar research, no im 
nii*nt seems to offer more i)ossibilities than the si)ectroh 
tj^raph. Recent experiments with a temporary spectroh 
t^naph of 30 feet focal length, used in conjunction with 
Snow telescope, have demonstrated the feasibility of pi: 
«xraphing sun-spots with the lines that are strengthene 
wefikened in their si^ectra. The resulting pictures sho>^ 
distribution of the corresponding vapors in and around 
s|)ots, and should be capable of throwing much new 1 
on solar phenomena when taken daily and systematic 
studied. It is expected that the 30-foot spectroheliog 
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temperature laboratory, for analysis by the most pow( 
s[)eetrograph8. As already explained, such a telesco] 
also adapted for many other classes of work, either in 
principal focus of the great mirror or with an enla 
image given by a convex mirror, after the manner of Ci 
grain. 

As an object-glass increases in size, the absorption, 
to its increased thickness, rapidly diminishes the percen 
of light it transmits. The loss is especially serious foi 
blue and violet rays, since these are absorbed more comph 
than the red and yellow. In the case of a mirror, the ] 
passes through no glass, but falls on a surface of pure si 
from which it is reflected to the focal plane. Thus e 
s(|uan» inch added to the area of a telescope mirror m 
a proportional increase in the light-gathering power. 
is evident that if the mechanical and optical difEcu 
(fin be overcome, reflecting telescopes much more po 
fill than any now in existence can advantageously be 
striu'ted. 

With this object in view, Mr. John D. Hooker has 
sell ted to the Carnegie Institution a sum sufficient to 
cliase for the Solar Observatory a glass disk 100 inch< 
diameter and 13 inches thick, and to meet other expe 
incident to the construction of a 100-inch mirror for a rei 
\\\^^ telescope of 50 feet focal length. The construction 
telescope so far surpassing all previous instruments in 
must, of course, be partly in the nature of an experin 
The immense block of glass will weigh 4i tons, four and 
iialf tinu»s as much as the disk of the G()-inch mirror. 
(litficulty of [)roviding a mounting capable of carrying it 
tlir necessary precision is not slight. The glass is certa: 
be more or less distorted by temperature changes, w 
would ruin its i)i»rformance if not obviated. The atmospl 
conditions, even on Mount Wilson, may not be sufficie 
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The mounting should oflftjr no great obstacles, espec 
as it will not be built until the mounting of the 60- 
has been thoroughly tested on Mount Wilson. In 1 
(lays of large and perfect machinery, the mechanical 
culties are much less formidable than they would 
appeared twenty years ago. On this score, therefort 
see no cause for fear. 

The prevention of change of figure due to changing 
perature should not prove a very serious problem. Di: 
the fine nights of the best observing season on Mount W 
the temperature remains almost perfectly constant after 9 
It will therefore only be necessary to maintain the m 
(or possibly the entire telescope) at approximately this 
perature throughout the day, by means of suitable refrig 
iii<^ machinery. In the long periods of cloudless weathe 
change of temperature from night to night is extre 
small, so that little difficulty should be encountered on 
score. If the slowly falling temperature during the ( 
evening should prove to give trouble, the observational 
may be deferred until after nine o'clock. The dome 
hnilding, like those for the 60-inch reflector, will be so 
structed that no air can enter during the day; they will 
l)e sliielded from the heat of the Sun. The problem i 
course, altogether different from that encountered in 
case of the Snow telescope, where the mirrors are reqi 
to give good images in spite of their exposure to d 
sunlight. 

Assuming that these various difficulties can be sue 
fully overcome, it still remains a question whether the at 
plu'ric conditions on Mount Wilson will be suflSciently | 
to ]H*rmit the telesco{)e to give satisfactory images. 
cannot be definitely determined until after the 60-inch refl< 
lias been used for some time. Even if it should prove, ] 
ever, that only a very few nights in the course of a yeai 
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It is impoBsible to predict the^ dimensions that re£ 
will ultimately attniii. Atnioepheric disturbfintres, 
than mechanical or optical difficulties, seem most HI 
stand in the way. But perhaps even these* by some p 
now unknown, may at last be swef>t aside. If so, the * 
outer will secure results far Hurpassing his present es 
tions. 
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ainateurs, usually with nioclost means and in unfavorabi 
mates. To discourau^e this class of workers, unfettei 
they an» by the traditions of institutions, and driven by 
own initiative into unexplored ti(*lds, would be a serious > 
hardly to be atoned for by any servicers the larger obs 
tories can render. 

We may then^fore inquire whether useful work, of 
a nature as to contribute in important degree to the pre 
()( scienc(% can still be done with simple and inexpc 
instruments. This question may at once be answered i 
affirmative. The results of amateur observations ma; 
only be useful — they may equal, or even surpass, tht 
products of the largest institutions. Great care must be 
cised in choosing the* subject of research, in constructin 
instruments, in making the observations by the best me 
and at the most favorable hours, and in the reductioi 
discussion of the results. If such precautions are obse 
discouragement will soon give way to contidence and s\n 

Tfike, for example, the direct photogra{)hy of the Sun 
li-inch objective, of 4()-feet focal length, will give beai 
solar [)hot(»graphs, over 4 inches in diameter, j)erl 
adapted for the study of the solar rotation, the proper mc 
of the s|)ots, and other important purposes. Details i 
rated by less than two seconds of arc will not be resolvi 
these photographs, but in many classes of work little 
would result from increased resolving ])ower. Such a 
jective sh(Mild be mounted so as to send the beam horizoi 
( better vertically ) across sha(h»d ground, or within a buil 
to the ph(>togra[)hic plat(». If no ccudostat is available, ai 
mirror, with optically plane reflecting surface, will serv 
needs of direct photography. It is only necessary to moi 
on a wooden support, so that it can beludd at the angle req 
to reflect suidight through the objective. The exposui 
made by the rapid motion of a wooden shutter, pierced 
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should be roiiiembered that almost all the ])arts can be i 
ot* lianl wood, thoroughly soaked in melted paraffiiie, to 
vcut wari)ing. The bearings are practically the only 
tliat need be of metal. A cheap clock movement, with L 
s]>rin^, will serve for a driving-clock, or a small ek 
uiotor may be used. With moderate ingenuity, any ami 
Mctustonied to the use of tools can build such an instrn 
for a very small sum. 

The spectrograph is even more sim[)le. It should i 
llie Littrow form (]>. 153), and the aperture of the s; 
phuio-convex lens that serves for both collimator and ca 
sliould be from 1 to li inches. Its focal length wi 
(h'terniined by the diameter and focal length of the obje 
iist'd to form the solar image on the slit. If these f 
iiiclies and (>() feet, res])ectively, the ratio will l>e 1: 
Ib'nce the focal length of the si>ectrograph lens should bt 
times its a|)erture, or from 15 feet to 22 feet i) inches. 
i^nating should be a 2-inch Rowland, or. if this is too ex 
sive. a good re|)lica by Ives, Wallace, or Thor[)e. The r 
cfis have the disadvantage of being made on trans])areut t 
foi- use with transmitted light; but they can perhai)8 l>e 
vnted into reflecting gratings by silvering. 

The ((jllimator-camera lens should be mounted on a 
licMJ wooden bracket, arranged to slide 3 or 4 inches 
focusing. The grating may also have a woiKlen sup 
consisting <»f a bracket, which can be tipped forwar 
l)Mck. mounted on a circular wooden table, permitting 
tion about a vertical axis in the plane of the grating, i 
i-otation is necessary in order to bring different s|)ectra i 
tlic |)hotogra])hic plate, or to jmss from one region to anc 
in tin* same spectrum. Tin* height of the spectrum oi 
phite can be adjusted by tiiipingthe grating forward or 1 
It is also necessary to make the lines of the grating pai 
to the slit: this can c^asilv bt^ done bv hanginij the brf 
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a spectrograph of larger aperture, but tliis is not a se 
obstacle. Indeed, it may be said that at the present 
only two or three observatories in the world are using e< 
nient as powerful as this for the classes of solar work 
cnuuiernted. 

I might go on to describe a wooden sj^ectroheliogi 
fitted up with spare lenses and prisms, which gave exce 
results with the Snow telescope before the 5-foot spe 
heliograph was completed. Indeed, the photographs 
(juit(» (Mjual to those taken with the latter instrument, e: 
that they did not include the entire solar image, whi( 
unnecessary for many kinds of work. The small coel 
telescope described above would give as good results ai 
vSnow telescope with such a spectroheliograph, except tha 
exposures would be longer. The entire apparatus is e 
witliin the reach of any intelligent amateur of limited m« 

Those who desire to undertake solar work would do 
to procure the Transactions of the Intrrnational Unioi 
Co-operation in Solar Research,^ The aim of the Uni« 
to (Micourage co-operation among observers, in the vai 
fields where this is desirable. For example, it is imjx)sg 
in visual observations of 8un-six)t spectra, for one perse 
inaki^ a thorough study of more than a limited region, 
mutual agreement, the sj)ectrum is therefore dividec 
among many observers, who record their results on a com 
plan. S|)ectroheliographs, distributed from India a< 
Kurope to California, are also ojM?rated in harmony, am 
operation is i)racticed in other fields as well. Apart : 
such routine, however, every observer is encouraged tc 
on his own initiative, for the Solar Union recognizes 
iln^ greatest advances will come from individual effort, w 
no amount of co-oixiration can replace. 

< Vol. I was published by tlio University Press, of Manchester, England, i 
Vol. II will s«)on appear. 
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(ir.OBF: MEASTRINO MACIIfNE, 144. 

(iuATiNGs: Rowland, !>6-S9, 235, 2;J6; 
M ichelson, 65. 66, '2M- Jewell, 6>). 

(Ikkexwk'h Observatory: simt posi- 
tions, U4. 

Hauvari) Obhkrvatory: refractor. 41; 
objective prism, 189; stellar spectra, 

■Joi. 

ni:t.I<)Ml('R<).METKR. 144. 

IIki.iim: in Sun, 7S, 79; terrestriid, TX; 
ill "Orion" stars, 79; in uebulai*. 190. 

Hkkschkl, Sir John: clusters ami 
nebulae. 46. 

Ukrschei., Sir William: clusters ami 
nebulae, 46; condensation of nebulae, 
|h7. 

H ni<;s : map of solar spectrum, 6*2. 

Hooker, J. I).: jfift of 100-iucb mirror, 
•_';iH. 

Hooker expedition, 30, 128. 

Hooker teles( opk, 2:^42. 

Hti.<;iNs: stellar sp<»ctra, .'»:<: promi 
iK'Moes, r>4, 76; spectrum of nebulae, 54; 
liclitim, 79; stelIarnioti<ms, 105; >tellar 
Inat, 171: stellar evolution, 199; lem- 
perattire of nebulae, 207. 

H\i>r(h;en: spectrum, 78; in stars, 79. 
170. 191. 19:i, 195. 199, 200, 206; in promi- 
nences. W: iu nebulae, li«0; in meteor- 
it.'>. 20.. 

H\i)U(MiEN FL(H't'ULl, 9^^-95; level, com- 
liared with calcium, 147. 

I \ lERFERUMETER, 6.5. 

Jwssen: prominences, 54, 76; solar 

Iiliotok'rapliy. 70. 
.h.uF.LL: telluric lines. 63; Kratinu-s, 6<). 
•It i.irs: anomalous tlispersion th« <»ry, 

us. 

K ve lEVN : structure <»f universe, 202. 

I\i;i:ler: spiral nebulae, 3, 45; pho- 
touTMphy with Crossley reflector, 42; 
Slit urn' i< r'lnu^, 182; chief nebular line, 
■_'n:>. 

Kknwooo Observatory, h3; spectro- 
iH'liou'rapli. >4 ; six»t siwctra, 152. 

KiitcuHOFF: explanation i>f solar spec- 
trum, 51 53. 

Kii:k\\ooi>: nebular hypothesis. 185. 

KoDAIKANAL OBSERVATORY, 119. 

Lahokatorv: Yerkes Observatory, 107; 
S<»l:ir Observatory, 156. 

Lane's law. 191. 

Lwcit.EY: sun-siK)ts, 69; photospheric 
trrannle>, 69-71; color of Sun, 193; solar 
radiation, 214; bolometer, 215. 



Laplace: nebular hypothesise. 2, 

Lick Observatory, 42, 119, 120, 20 

Lick telescope, 26, 41. 

LiTTRow spectrograph; laboi 
1.56; of Snow telescope, 1.34, 11 
"tower" telescope, 232; wooden, 

Lo<^kyer: prominences. 54, 76; h 
78; sun spot si>ectra, 151; dissoc 
in sun spots, 151; temperature c 
siK>ts, 1.52; temperature of stai 
enhanced lines'. 194; stellar clas 
lion, 194, 207; meteoritic bypoi 
2(U-8. 

Magnesium hydride: in sun-spol 

Magnifying power, 22. 

Mars: period of inner satellite, IK 

Maunder: band lines in spots, 1.52 

Maxwell: Saturn's rin^s, 182. 

Meteorites: spectra, 205. 

Michelson: interferometer, 65; 
ard wave-lengths, (i5, echelot 
Kratiutfs, a5, <56, 236. 

Milky Way: photof^raphs of, 30 3 

Mills spectrograph, U)7. 

Mirror: 60-incb.flffurin»f. 219-26: n 
of t. stin»f, 222, 224-26; 100-inc .. 23 

Mirrors: distortitm, 137, i:«, 231-i 

Momentum : moment of. 185. 

Moon : photofrrai)hy of, .3.'i. 

Mont Blanc, 119. 

Moulton: criticisms of nebular h; 
esis, 182-86. 

Moi:lton and Chamberltn: plai 
mal hypothesis. 208-10. 

Mount Etna: expedition to, 116-1 

Mount Hamilton, 119. 120. 

Mount Wilson, 12:^30. 

Mount Wilson Solar Ouserva 
oriji^iii, 110; plan of research, 121 
12.3-:«); Snow telescop**. 13J-;«; 
with spectroheliojrraph, i;iJ»-.50; 
si»ot spectra, 153-«>4; laboratory, 
160; Stella rsi»ectroscopy. 16»-71 ; 6 
reflector, 219-29; "tower" tele 
232-35; 100-inch reflector. 238-42. 

Moi:ntains : as observatory sites, : 

Nebula : spiral in Canes Venatici, 
in Andrurnata, 41, 44,45; in Cygu 
in Orion, 44, 188-90; in Draco, .VI 
place's, 177. 

Nebulae: spiral, 7, ;«, 39, 41, 44, ^ 
'JXKii relationship to star-, .3. 32. .' 
1.^7-90, 198-201, -^06, 207, 209, :flO; 
clusters. 18. 46. 47, 54; in Milky W 
32; in Fleindes, 44, 129, 198, 202; 
trum of. 54, 190. 201; condens 
17>-81, 1^3, 187, 200,201,212; plan 
187; temperature of, 207. 

Nebular hypothesis, 2, 17.5-86. 

Nebulum, 204. 

yepttinc: orbits of satellites. 183. 



lHii**m I if iimll IlLililltlUi^, ILL 

Nit Hin,rt: fiHUir hinr. i't'I* 
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**QriOtC TYPE l4Tx\H!Ft, W, IIUJh 

^j^, 44; Mtmti, ;{*\ ;i4 ; with V 

tit? b ij ] (t^« J 1-4^2)0^4 !#4iLiir i<-Ti@c 
fii. 247, 2i^i Suiu 70 T;*, 31 i. :;4:* 
71 -7(1 ; wi t h s tv^ct T' 1 hf i 1 1 < ttf ni j 

\mi-\2, iitt, i,vt, ri*!. i:r;, 2ih[ 

tm. vkitlnmt i«di|i^f%i)>) IH; SI 
VM. I2ft; with Sinm ti*l<<iHi?ni» 

trti. lMr^^ 

Piu>Tci-ipniERK : ii|Mi5tupi% iit> Tir 
I'liv^im: fiimlnmtiniii] iihihmi 
Pk m- Mim, 119* 
Pn H Kn I ?fi f k Kh V . i <ib Jciirt Ur^ \ 

Pike's pRiH; mtpi-fHti**!! ta i] 
PitktiUji, U, 44, t?J, ii7. im. 2(rj 

KHI. IttT. 

PaisM : rurmutUm pf tipi'tTrcin 

Pickprin^, IrtB; fflt^^^ ^*'- 
Pni^Mix^NC'Ei^^ lit; uariiri:' t%t* 7() 
rcllp^\ 77 { sprTtfUHi, 7H: ; 
iirMMi ^lit. Kip quip t^titit Aiul 
>l. iM; phniipfirHphy nf, !it! ; 

r\ >{H 1^ LIUAI KTKB* ^l*"iH 

IJr ARTZ: fuspfl* Tor t*]psoip** 

WwmwswTKR^ YTl. 

RAi>ir«, iVinVA. 

kwisAV: t^iijcoTBH' «if lipliijiii, 

Rf.VKKHIKO LAYlEK, IIX 

Krif ueif: phottwrap' .»' itf M - 
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HiTi iiKY ^sp Barnabu: pi It 
■ »f ci^mna, 7il 
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'ri.i.K?»( ope: n*fl««ctinK. Ros>e. 38: ilr-vfl- 
(i|>iiH>iit of, .'is 4."); HclvuntHKc^s. 42: Cro***- 
l.v, 42. 4.-): 24-inch, 43; Snow, 1S2-38; 
«;() incli. 219-H(h UKJ-incIi, 23S-42. 

I kmxoi'k: rcfractinjr, 21, 231); Yorkos, 
_•:.. 2»;, X\:m\, 4;i, .h8, 101-4: Lick, 2rt, 4l; 
Hiirnlianrs 27; camera. 2S-'3; Brucr, 
_'•». :«!; Ki'iiwojmI, Xi, M; dfvelopnient 
i»f. 41. 

TlLMKIC LINKS, IW, JJI. 
TkNKUIKFK KXI'KDITION, 110. 

Tn wiiM omdk: in suu-siMjts, 1H2. 

•Tow KR" TKLESfOl'E, 2:12. 
Tiiipczhim STARS. 1H8, liW. 
I ihnkk: ccM'lostat, K<2. 

TwiNKr.INtJ OK STARS, 111. 

rrniiun: orbits of satollitfs, 183. 



Vega: heat radiation. 172, 173. 
Vogkl: stellar motions, lOT). 

Wadsworth : reHf»ctor monntinf?, 4 
W'ilhon: suu-siiotH as cavities, 71, 

Yrrkks Obskrv atory : iK>licy. 08 : o; 
99: plan of buihiintr, lU); instrn 
and optical shops, 106; siiectros 
lalM>ratory, 107; site, 113; c<k'1 
nNini, 172. 

Ykrkeh rkfkactor: photOKrapliy. 
88: mountinKt ^^ 101; comimred 
reflector, 44 ; objective, Itl ; oi>er 
of, 102. 

Y'oi'No: discovery of "flash" sim^cI 
M); proniinenci s. 81 : H and K in i 
ineuces, 84; calcium floccnli. 85; 
tof^rapliy of spot spectra, ir)2. 
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